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1. INTRODUCTION 
T h i s  i s  t h e  f i n a l  r e p o r t  on Part  1 of Con t rac t  No. NAS 9-5425 e n t e r e d  
i n t o  by NASA-Manned Space C r a f t  Center and Var ian  A s s o c i a t e s  of  P a l o  
Alto, C a l i f o r n i a  011 January 13, 1966, f o r  t h e  purpose of deve lop ing  an 
atomic t ime and frequency r e f e r e n c e  sys t em f o r  manned s p a c e c r a f t  u s e .  
The c o n t r a c t  i s  d i v i d e d  i n t o  two s e p a r a t e l y  funded p a r t s .  P a r t  1 i n -  
c ludes t h e  d e s i g n  s tudy ,  d e t a i l e d  design,  breadboard c o n s t r u c t i o n ,  and 
breadboard t e s t s  of a rubidium atomic t ime and frequency r e f e r e n c e  s y s -  
tem. Also i n c l u d e d  i n  P a r t  1 i s  t h e  d e l i v e r y  of two.hydrogen masers 
and t h e  development and c o n s t r u c t i o n  of  a d d i t i o n a l  frequency comparing 
t e s t  equipment f o r  t h e  purpose of measuring t h e  s t a b i l i t y  of t h e  r u b i -  
dium f requency  s t a n d a r d  r e l a t i v e  t o  the hydrogen masers .  P a r t  I1 c o n s i s t s  
of t h e  c o n s t r u c t i o n  and t e s t i n g  of  two f l y a b l e  p r o t o t y p e  c l o c k s .  Th i s  
document i s ' t h e  f i n a l  r e p o r t  on P a r t  1 o f  t h e  program. The c o n t r a c t u a l  
requi rements  f o r  d e l i v e r a b l e  i t ems  of hardware and so f tware  a r e  s p e c i f i e d  
i n  more d e t a i l  below. 
1 1 KP,RX@.RE R?QTIRTXTi'S 
1.1.1 Atomic Time and Frequency Reference System 
The c o n t r a c t  c a l l s  f o r  t h e  d e l i v e r y  of  a breadboard  a tomic  
time and f requency  r e f e r e n c e  system. Th i s  u n i t ,  shown i n  F igu re  1, was 
counted i n  a 19" r a c k  c a b i n e t  i n  o rde r  t o  f a c i l i t a t e  t e s t i n g  and e v a l u -  
ation a t  NASA. The u n i t  c o ~ ~ ~ i s t s  of two major p o r t i o n s ,  (1) t h e  b read -  
h r d  o f  t h e  f l y a b l e  p o r t i o n  (space c l o c k )  which i s  mounted i n  t h e  box 
t o  the  r e a r  of t h e  deck, and ( 2 )  a t e s t  and c a l i b r a t i o n  u n i t  mounted on 
. 
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1. INTRODUCTION 
T h i s  i s  t h e  f i n a l  r e p o r t  on P a r t  1 of Con t rac t  No. NAS 9-5425 e n t e r e d  
i n t o  by NASA-Manned Space C r a f t  Center and Var i an  A s s o c i a t e s  of P a l o  
Al to ,  C a l i f o r n i a  on January 13, 1966, f o r  the purpose of deve lop ing  an  
atomic t i m e  and frequency r e f e r e n c e  system f o r  manned s p a c e c r a f t  u s e .  
The c o n t r a c t  i s  d i v i d e d  i n t o  two s e p a r a t e l y  funded p a r t s .  P a r t  1 i n -  
c l u d e s  t h e  d e s i g n  s t u d y ,  d e t a i l e d  des ign ,  breadboard c o n s t r u c t i o n ,  and 
breadboard t es t s  of a rubidium atomic t i m e  and frequcncy r e f e r e n c e  s y s -  
tem. Also inc luded  i n  P a r t  1 i s  t h e  d e l i v e r y  o f  two hydrogen masers 
and t h e  development and c o n s t r u c t i o n  o f  a d d i t i o n a l  f requency comparing 
tes t  equipment f o r  t h e  purpose of  measuring t h e  s t a b i l i t y  of t h e  r u b i -  
dium frequency s t a n d a r d  r e l a t i v e  t o  the hydrogen masers .  
o f  the  c o n s t r u c t i o n  and t e s t i n g  of two f l y a b l e  p r o t o t y p e  c l o c k s .  
document i s  t h e  f i n a l  r e p o r t  on Pa r t  1 of t h e  program. The c o n t r a c t u a l  
r equ i r emen t s  f o r  d e l i v e r a b l e  items of  hardware and so f tware  a r e  s p e c i f i e d  
i n  more d e t a i l  below. 
1.1 HARDWARE RZQlJIREX.iSMT'3 
P a r t  I1 c o n s i s t s  
Th i s  
1.1.1 Atomic Time and Frequency Reference System 
The c o n t r a c t  c a l l s  f o r  t h e  d e l i v e r y  o f  a breadboard atomic 
t i m e  and frequency r e f e r e n c e  system. T h i s  u n i t ,  shown i n  Figure 1, was 
mounted i n  a 19" r a c k  c a b i n e t  i n  order  t o  f a c i l i t a t e  t e s t i n g  and e v a l u -  
a t i o n  a t  NASA. (1) t h e  b read -  
boa rd  of  t h e  f l y a b l e  p o r t i o n  (space c l o c k )  which i s  mounted i n  t h e  box 
t o  the rear o f  the deck,  and (2)  a t e s t  and c a l i b r a t i o n  u n i t  mounted on 
The u n i t  c o n s i s t s  of two major p o r t i o n s ,  
1 .F IGURE 1 .  ATmIEZIC TIME AND FREQUENCY REFERENCE SYSTEM 
t h e  f r o n t  of t h e  deck and comprising t h e  f r o n t  pane l  of t h e  r a c k  mounted 
i n s t a l l a t i o n .  
s t a n d a r d  and c l o c k  having  f o u r  plugs through which power i s  s u p p l i e d  and 
s t a n d a r d  f requency  and time s i g n a l s  are brought  o u t  t o  t h e  o u t s i d e  wor ld .  
This  box i s  connected t o  t h e  test  and c a l i b r a t i o n  u n i t  by means of t h r e e  
c a b l e s .  The t e s t  and c a l i b r a t i o n  u n i t  e n a b l e s  v o l t a g e s  and wave forms 
w i t h i n  t h e  frequency s t a n d a r d  t o  be moni tored  t o  a s s u r e  t h a t  i t  i s  o p e r -  
a t i n g  p r o p e r l y ,  and i t  a l s o  c o n t a i n s  s e t t i n g  c i r c u i t s  t o  enab le  t h e  
c l o c k  t o  be s e t  r e l a t i v e  t o  an e x t e r n a l  mas te r  c l o c k  t o  w i t h i n  ? 0.25 
microseconds.  Connections between t h e  two u n i t s  can be macle or  broken 
w i t h o u t  a f f e c t i n g  t h e  o p e r a t i o n  of t h e  frequency s t a n d a r d  and c.lock. 
S ince  t h e  t e s t  and c a l i b r a t i o n  u n i t  would only be used on t h e  ground 
p r i o r  t o  a c t u a l  f l i g h t ,  no r e -des ign  of t h i s  u n i t  would be necessa ry  i n  
t h e  development of  f i n a l  hardware, and t h i s  u n i t  e x i s t s  i n  i t s  f i n a l  de-  
s i g n  c o n f i g u r a t i o n .  The purpose of P a r t  l of t h i s  c o n t r a c t  h a s  been t o  
per form an e l e c t r i c a l  des ign  o f  t h e  a tomic  t ime and frequency r e f e r e n c e  
sys tem which w i l l  demonst ra te  o p e r a t i o n  over  t h e  wide ambient t empera tu re  
range  w i t h  low power consumption. The des ign  u t i l i z e s  p h y s i c a l l y  sma l l  
and rugged components which l end  themselves w e l l  t o  r e - d e s i g n  and r e -pack-  
a g i n g  i n t o  f i n a l  f l i g h t  hardware i n  P a r t  I1 of t h e  c o n t r a c t .  
The f l y a b l e  p o r t i o n  i s  a comple te ly  enc losed  frequency 
1.1.2 H m n  Masers and Frequency Comparison Test Equipment 
P a r t  1 of  t h e  c o n t r a c t  a l s o  c a l l e d  f o r  t h e  d e l i v e r y  of two 
hydrogen masers and t h e  d e s i g n  and c o n s t r u c t i o n  of frequency comparison 
tes t  equipment t o  compare t h e  rubidium s t a n d a r d  a g a i n s t  t h e  hydrogen 
m a s e r s .  A frequency comparator was developed i n  which a 1 KHz d i f f e r e n c e  
f requency i s  ob ta ined  between o u t p u t s  of t h e  maser  and t h e  rubidium 
s t a n d a r d  a t  a syn thes i zed  frequency o f  1,450 KHz. The comparator  h a s  
two i n p u t  channels  t o  accep t  s i g n a l s  from e i t h e r  of  t h e  two masers  and 
one i n p u t  channel  t o  a c c e p t  t h e  s i g n a l  from t h e  rubid ium s t anda rd .  The 
o u t p u t  1 KHz s i g n a l  i s  counted by a p e r i o d  c o u n t e r ,  t h e  o u t p u t s  of which 
are coupled t o  a d i g i t a l  t o  ana log  c o n v e r t e r ,  a d i g i t a l  p r i n t e r ,  and an  
ana log  s t r i p  c h a r t  r e c o r d e r ,  a l l  of which were s u p p l i e d  a s  p a r t  of t h e  
f requency  comparison measuring equipment. 
1 .2  SOFTWARE REQUIREMENTS 
The fo l lowing  items are t h e  so f tware  r equ i r emen t s  of t h e  c o n t r a c t .  
1 . 2 . 1  Schematics  -__- 
Three c o p i e s  of e l e c t r i c a l  schemat ics  of t h e  space  c l o c k  
and t h e  t e s t  and c a l i b r a t i o n  box were supp l i ed  w i t h  t h e  u n i t s .  D e t a i l e d  
mechanica l  drawings were n o t  supp l i ed  s i n c e  t h i s  d e s i g n  i s  on ly  a bread-  
boa rd  u n i t  and no f u r t h e r  u n i t s  l i k e  i t  a r e  t o  b e  manufactured.  
1 . 2 . 2  Opera t ing  I n s t r u c t i o n s  
A se t  of  o p e r a t i n g  i n s t r u c t i o n s  f o r  t h e  c l o c k  and t e s t  
and c a l i b r a t i o n  u n i t  were w r i t t e n  and d e l i v e r e d  w i t h  t h e  equipment.  
. .  
1 . 2 . 3  Repor t s  
Monthly p r o g r e s s  r e p o r t s  which d e s c r i b e d  t h e  o v e r a l l  
p r o g r e s s ,  i n d i c a t e d  c u r r e n t  problem areas, and d i s c u s s e d  t h e  work t o  
b e  performed d u r i n g  t h e  n e x t  r e p o r t i n g  p e r i o d  were submi t ted  through-  
o u t  t h e  c o n t r a c t .  
The c o n t r a c t  a l s o  r e q u i r e d  a f i n a l  r e p o r t  which documents 
and suiiunarizes t h e  r e s u l t s  of t h e  c o n t r a c t u a l  work, and t h i s  r e p o r t  i s  
s u b m i t t e d  i n  r e sponse  t o  t h i s  requi rement .  
1.2.4 Procedures  f o r  t h e  use  of  Frequency Comparison Test 
Equipment 
The c o n t r a c t  r e q u i r e d  t h a t  procedures  b e  submi t ted  f o r  
t h e  u s e  of t h e  s p e c i a l l y  des igned  f requency  comparison tes t  equipment 
which w a s  des igned  and d e l i v e r e d  under t h e  c o n t r a c t .  An o p e r a t i n g  
manual f o r  t h e  frequency comparator was w r i t t e n  which d e s c r i b e d  t h e  u s e  
of  t h i s  equipment i n  con junc t ion  wi th  t h e  r e l a t e d  p e r i p h e r a l  f requency 
measur ing  equipment.  
t h e  f requency  comparator and i t s  performance l i m i t a t i o n s ,  no f u r t h e r  
d i s c u s s i o n  of t h i s  f requency comparator w i l l  be g iven  i n  t h i s  f i n a l  
r e p o r t .  
S ince  t h i s  document a l s o  d i s c u s s e d  t h e  d e s i g n  of 
2. 
The primary purpose of  t h e  c o n t r a c t  i s  t o  deve lop  an a tomic  
DEVELOPMENT OF THE BREADBOARD FREQUENCY STANDARD AND CLOCK 
t i m e  and f requency  r e f e r e n c e  system which would be capab le  a t  some f u t u r e  
d a t e  of  r e p l a c i n g  t h e  c r y s t a l  t ime and frequency r e f e r e n c e  systems t h a t  
a r e  c u r r e n t l y  be ing  used on manned s p a c e c r a f t .  I n  o rde r  t o  s a t i s f y  t h i s  
i n t e r c h a n g e a b i l i t y  r equ i r emen t ,  t h e  program phi losophy has  been t o  deve lop  
a n  a tomic  s t anda rd  on t h e  same time b a s e  a s  t h e  p r e s e n t  c r y s t a l  s t a n d a r d s ,  
having  ou tpu t  f r e q u e n c i e s  and time codes which a r e  i d e n t i c a l  i n  f requency  
waveform and l e v e l  t o  t h o s e  obta ined  from t h e  p r e s e n t  c r y s t a l  s t a n d a r d s .  
The advantage  of t h e  a tomic  t ime and f requency  r e f e r e n c e  system i s  of 
c o u r s e  t h e  a t t a i n m e n t  of a tomic  s t anda rd  s t a b i l i t y  onboard t h e  s p a c e c r a f t ,  
a n  improvement i n  frequency s t a b i l i t y  o f  between 3 and 4 o r d e r s  of magnitude 
be ing  ob ta ined  over  t ime p e r i o d s  of one week t o  one y e a r .  
i s  o b t a i n e d  a t  alnodest s a c r i f i c e  i n  w e i g h t ,  volume and power due t o  t h e  g r e a t e r  
complexi ty  o f  t h e  atomic s t a n d a r d  i n  comparison t o  t h e  c r y s t a l  s t a n d a r d .  
Because of t h i s  i n c r e a s e  i n  s i z e  and power consumption, t h e  a tomic  s t a n d a r d  
may n o t  be a d i r e c t  replacement for  t h e  c r y s t a l  s t anda rd  i n  a l l  a p p l i c a t i o n s .  
Major d e s i g n  g o a l s  of t h e  development program a r e  t o  minimize t h e  s i z e ,  
volume and power consumption i n  order  t h a t  t h e  i n t e r c h a n g e a b i l i t y  may be  
more u n i v e r s a l .  I n  a d d i t i o n ,  t h e  a tomic  s t a n d a r d  must  o p e r a t e  over t h e  wide 
t e m p e r a t u r e  r a n g e s  and t h e  s e v e r e  shock, v i b r a t i o n  and a c o u s t i c  n o i s e  
envi ronments  encountered  w i t h i n  t h e  s p a c e c r a f t ,  and f u n c t i o n  r e l i a b l y  over  
ex tended  p e r i o d s  of  una t tended  o p e r a t i o n .  
Th i s  improvement 
Design g o a l s  f o r  t h e  even tua l  f l y a b l e  p r o t o t y p e s  a r e :  
1. Frequency s t a b i l i t y :  2 x 10-l’ over  a pe r iod  o f  
one yea r  
2 .  S i z e :  300 cubic  inches  
3. Weight: 10 pounds 
4 .  Power consumption: 15 w a t t s  
5 .  Opera t ing  tempera ture  range:  -34 t o  +7loC 
6.  A c c e l e r a t i o n :  20 g ’ s  
7 .  Shock: 50 g ‘ s  
8. Vib ra t ion :  15 g ’ s  
The s teps  which have been t aken  i n  t h e  development t o  meet 
t h e s e  g o a l s  and t h e  compromises which have been necessa ry  t o  d e s i g n  around 
c e r t a i n  problem a r e a s  a r e  d i scussed  i n  t h e  fo l lowing  s e c t i o n s .  
2 . 1  ELECTRICAL DESCRIPTION OF EQUIPMENT 
A block  diagram of t h e  f l y a b l e  space  c lock  and t h e  a s s o c i a t e d  
ground-based tes t  and c a l i b r a t i o n  u n i t  i s  shown i n  F i g u r e  2 .  The space  
c lock  g e n e r a t e s  squa re  wave output  s i g n a l s  a t  a l eve l  of  3 V  p-p i n t o  100 ohms 
a t  f r e q u e n c i e s  o f  4.096MHz , 2.04.8MHz , I, 024MHz, 5 12KHz, lOOKHz, IKHz , lOOHz , 
and 1Hz. I n  a d d i t i o n ,  34 p a r a l l e l  o u t p u t  l i n e s  supply  5V p-p s i g n a l s  i n t o  
1,000 ohms from t h e  one o r  p o s i t i v e  ou tpu t  of each f l i p - f l o p  i n  t h e  accumula tor  
from t h e  0.1 second t o  t h e  two hundred day f l i p - f l o p .  Two o t h e r  l i n e s  supply  
I R I G  B and I R I G  E s e r i a l  t ime codes a t  t h e  same v o l t a g e  and impedance l e v e l s .  
The tes t  and c a l i b r a t i o n  u n i t  r e c e i v e s  t h e s e  c lock  o u t p u t s  and o t h e r  s i g n a l s  
from t h e  c l o c k  and enab le s  performance checks t o  be  c a r r i e d  o u t  on t h e  
f requency  s t a n d a r d  p o r t i o n ,  and s e t t i n g  and synchron iz ing  of  t h e  c lock  t o  
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2 . 1 . 1  The Breadboard of t h e  F l y a b l e  Space Clock 
The c lock  i s  d i v i d e d  i n t o  fou r  main f u n c t i o n a l  a r e a s  
f o r  t h e  purpose o f  d i s c u s s i o n :  
(1) The O p t i c a l  Package, which c o n t a i n s  t h e  rubid ium 
r e f e r e n c e  mounted i n  a t r i p l e  magnetic s h i e l d ,  and i t s  a s s o c i a t e d  p h o t o c e l l ,  
f i l t e r  c e l l  and rubidium lamp. 
(2)  The ana log  c i r c u i t s ,  c o n s i s t i n g  o f  t h e  feedback 
c o n t r o l  c i r c u i t s  from t h e  rubidium r e f e r e n c e  t o  t h e  c r y s t a l  o s c i l l a t o r ,  
t h e  c r y s t a l  o s c i l l a t o r  and i t s  oven c o n t r o l l e r  c i r c u i t s ,  frequency m u l t i p l i e r s  
and s y n t h e s i z e r s  t o  g e n e r a t e  t h e  rubidium f requency ,  t h e  LOOKKz s y n t h e s i z e r  
and t h e  t empera tu re  c o n t r o l l e r s  for  t h e  o p t i c a l  package. 
(3)  The d i g i t a l  c i r c u i t s ,  c o n s i s t i n g  of t h e  f requency  
d i v i d e r  from 16.384MHz t o  t h e  200 day f l i p - f l o p ,  t i m e  code g e n e r a t o r s  f o r  
t h e  I R I G  B and I R I G  E t ime codes,  and ou tpu t  b u f f e r  a m p l i f i e r s .  
( 4 )  The power supply  c o n s i s t i n g  of fou r  r e g u l a t e d  
o u t p u t  G.C .  v o l t a g e s ,  one unregula ted  ou tpu t  D.C .  v o l t a g e ,  and A . C .  s q u a r e  
wave s i g n a l ?  f o r  u s e  i n  t h e  tempera ture  c o n t r o l l e r s  f o r  t h e  o p t i c a l  package. 
Photographs o f  t h e  top and bottom of t h e  space c lock  a r e  shown 
i n  f i g u r e s  3 and 4 .  
2.1 .1 .1  O p t i c a l  Package 
The o p t i c a l  package c o n t a i n s  t h e  rubid ium 
vapor  r e f e r e n c e  c e l l  which i s  f i l l e d  w i t h  a b u f f e r  g a s .  The p r e s s u r e  of  
t h e  b u f f e r  gas i s  a d j u s t e d  such  t h a t  t h e  r e s o n a n t  frequency of t h e  c e l l  i s  
6,834.688 MHz. T h i s  c e l l  i s  mounted i n s i d e  a c y l i n d r i c a l  microwave c a v i t y  
tuned  t o  resonance  a t  t h a t  frequency i n  t h e  TE mode. L igh t  from t h e  011 
! 
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rubidium lamp o p t i c a l l y  pumps t h e  g a s  c e l l  t o  o b t a i n  a n  i n c r e a s e  i n  t h e  
popu la t ion  of  atoms i n  t h e  upper h y p e r f i n e  energy l e v e l ,  t h i s  i n c r e a s e  
be ing  o b t a i n e d  by i n s e r t i n g  a rubidium f i l t e r  c e l l  between t h e  lamp 
and t h e  gas  c e l l  s o  a s  t o  a t t e n u a t e  t h e  s p e c t r a l  component from t h e  
lamp which would normally depump t h e  upper h y p e r f i n e  l e v e l .  
l i g h t  t r a n s m i t t e d  through t h e  gas c e l l  i s  d e t e c t e d  by a p h o t o c e l l  a t  t h e  
o t h e r  end o f - t h e .  o p t i c a l  package. The microtjave c a v i t y  i s  e x c i t e d  by a 
s i g n a l  a t  6,834.688 MHz which i s  t h e  13 ,349th  harmonic of 512 KHz. The 
coup l ing  of t h e  A . C .  magnetic f i e l d  i n  t h e  c a v i t y  t o  t h e  rubid ium atoms 
causes  downward t r a n s i t  i o n s  between t h e  two hyper f i n e  l e v e l s  and i n c r e a s e s  
t h e  number of  atoms t o  be repumped t o  t h e  h ighe r  s t a t e .  Repumping a b s o r b s  
o p t i c a l  photons and d e c r e a s e s  t h e  amount of l i g h t  i n c i d e n t  on t h e  p h o t o c e l l .  
The microwave s i g n a l  e x c i t i n g  t h e  c a v i t y  i s  squa re  wave f requency  modulated 
The t o t a l  
a t  a r a t e  of approximate ly  173 Hz. T h i s  modulation causes  A . C .  s i g n a l s  
t o  appear  a t  t h e  p h o t o c e l l  having components a t  t h e  f i r s t  and second harmonics a 
of t h e  1 7 3  Hz modula t ion  frequency w i t h  ampl i tudes  and phases  dependent upon 
t h e  d i f f e r e n c e  bctween t h e  rubidium r e f e r e n c e  f requency  and t h e  ave rage  
f requency  of t h e  microwave e x c i t a t i o n .  
back c o n t r o l  c i r c u i t s  t o  determine t h e  d i f f e r e n c e  between t h e  e x c i t a t i o n  and 
These s i g n a l s  a r e  used by t h e  feed-  
t h e  rubid ium r e f e r e n c e  and t o  c o n t r o l  t h e  c r y s t a l  o s c i l l a t o r  s o  a s  t o  minimize 
t h e  d i f f e r e n c e .  
The frequency of t h e  rubid ium r e f e r e n c e  changes 
w i t h  t empera tu re  v a r i a t i o n s  of d i f f e r e n t  e lements  i n  t h e  o p t i c a l  package. 
The f o u r  c r i t i c a l  p o i n t s  which a r e  c o n t r o l l e d  by tempera ture  c o n t r o l l e r s  a r e :  
(1) t h e  body of t h e  rubidium r e f e r e n c e  c e l l  as determined by t h e  t empera tu re  
f requency  by s e t t i n g  t h e  
The r e f e r e n c e  i s  mounted 
magnet ic  f i e l d s  t o  a neg 
c r e a t e  an i n t e r n a l  f i e l d  
of t h e  microwave c a v i t y ,  (2 )  t h e  t i p - o f f  o f  t h i s  r e f e r e n c e  c e l l ,  ( 3 )  t h e  
rubidium f i l t e r  c e l l ,  and ( 4 )  rubidium lamp. 
The frequency of  t h e  rubid ium r e f e r e n c e  i s  a l s o  
a f u n c t i o n  of  t h e  magnetic f i e l d  exper ienced  by t h e  rubid ium atoms. The 
h y p e r f i n e  t r a n s i t i o n  which i s  used f o r  t h e  r e f e r e n c e  h a s  no f i r s t  o r d e r  
magnetic f i e l d  dependence, however, t h e r e  i s  a second o r d e r  dependence 
which causes  t h e  frequency t o  be:  
2 f = 6 , 8 3 4 , 6 8 2 , 6 1 4  + 574H IIz 
f o r  z e r o  b u f f e r  gas  p r e s s u r e ,  where H i s  t h e  magnet ic  f i e l d  i n  gauss .  
The r e f e r e n c e  frequency used i n  the  space  c lock  r e q u i r e s  t h a t  t h e  rubidium 
r e f e r e n c e  be o f f s e t  by 5 , 3 8 6  Hz or 7 . 9  x from t h e  ze ro  f i e l d ,  z e r o  
-9 p r e s s u r e  frequency. The c e l l  i s  f i l l e d  low i n  f requency  by 3 - $2 x 10 
by c o n t r o l l i n g  t h e  b u f f e r  gas  p r e s s u r e ,  and t h e n  i s  tuned up t o  t h e  proper  
magnetic f i e l d  w i t h  f i e l d  b i a s  c o n t r o l  c i r c u i t s .  
i n s i d e  a t r i p l e  magnet ic  s h i e l d  t o  reduce  ambient 
i g i b l y  sinall l e v e l ,  and t h e  f i e l d  b i a s  c i r c u i t s  
of  t h e  proper magnitude. T h i s  f i e l d  i s  permanentaly 
set f o r  a g iven  gas  c e l l .  A f i n e  t u n i n g  ad jus tmen t  i s  provided f o r  t u n i n g  
t h e  f requency  over a t o t a l  r ange  of 3-5 x 10 
f requency  . 
-11 from t h e  f a c t o r y  pre-set 
2.1.1.2 Analog C i r c u i t s  
The ana log  c i r c u i t s  c o n s i s t  o f  a l l  of  t h e  
e l emen t s  of  t h e  f requency  locked loop w i t h  t h e  e x c e p t i o n  of  t h e  o p t i c a l  
package. The AGC s t a b l i z e d  c r y s t a l  o s c i l l a t o r  r u n s  a t  a frequency of 
1 6 . 3 8 4  MHz and has  two s e p a r a t e l y  b u f f e r e d  o a t p u t s .  The f i r s t  of t h e s e  
o u t p u t s  d r i v e s  a d i g i t a l  d i v i d e r  chain c o n s i s t i n g  o f  i n t e g r a t e d  c i r c u i t  
d i g i t a l  d i v i d e r s .  The f i r s t  d i v i s i o n  by fou r  i s  performcd by a Sy lvan ia  
50 MHz d u a l  f l i p - f l o p .  The r e s u l t i n g  squa re  wave o u t p u t  a t  4.096 MHz 
i s  fed t o  a 5 t h  harmonic f i l t e r  a m p l i f i e r  which s e l e c t s  t h e  component 
a t  20.480 MHz. 
and f ed  t o  t h e  h i g h  frequency m u l t i p l i e r .  The h igh  f requency  m u l t i p l i e r  
performs an i n i t i a l  m u l t i p l i c a t i o n  by 9 t o  g e n e r a t e  184.32 MHz, followed 
by a m u l t i p l i c a t i o n  by 37 t o  g e n e r a t e  6,819.84 MIIz. 
t o  a mixer i n  which t h e  f i n a l  rubidium frequency i s  g e n e r a t e d .  The o t h e r  
i n p u t  t o  t h e  mixer i s  ob ta ined  by t a k i n g  t h e  512 KHz squarewave from t h e  
d i g i t a l  d i v i d e r  c h a i n ,  s e l e c t i n g  t h e  3rd harmonic of t h i s  s i g n a l ,  a t  1.536 
MHz, i n  a f i l t e r  a m p l i f i e r ,  and s u b t r a c t i n g  t h i s  frequency from t h e  16.384 
MHz s i g n a l  ob ta ined  from t h e  second o u t p u t .  of  t h e  c r y s t a l  o s c i l l a t o r .  The 
Th i s  s i g n a l  i s  squarewave frequency modulated a t  173 Hz 
T h i s  s i g n a l  i s  f ed  
r e s u l t i n g  s i g n a l  a t  14.848 MHz i s  added t o  t h e  6,819.84 NHz s i g n a l  i n  t h e  
h igh  frequency m u l t i p l i e r  t o  g e n e r a t e  t h e  rubidiun? e x c i t a t i o n  f requency  a t  
6,834.688 MHz. Th i s  s i g n a l  i s  fed i n t o  t h e  microwave c a v i t y  on a 50 ohm 
coax and i s  coupled t o  t h e  c a v i t y  by means of a loop whose dimensions a r e  
chosen so as  t o  match t h e  50 ohm l i n e  a t  t h e  c a v i t y  r e s o n a n t  f requency .  
The i n t e r a c t i o n  b e t w e n  t h e  frequency modulated 
microwave s i g n a l  and t h e  rubidium atoms causes  a v a r i a t i o n  i n  the c u r r e n t  
produced by t h e  l a r g e - a r e a  p h o t o c e l l .  The ou tpu t  from t h e  p h o t o c e l l  i s  
coupled  t o  a n  i n t e g r a t e d  c i r c u i t  p r e a m p l i f i e r  which has  a l a r g e  amount 
o f  DC feedback i n  o r d e r  t o  ma in ta in  t h e  v o l t a g e  a c r o s s  t h e  p h o t o c e l l  w i t h i n  
a few m i l l i v o l t s  o f  ze ro  i n  o r d e r  t o  p reven t  t h e  g e n e r a t i o n  of excess  n o i s e  
i n  t h e  p h o t o c e l l .  A sma l l  amount of AC feedback i s  used i n  t h e  preamp i n  
o r d e r  t o  o b t a i n  r e a s o n a b l e  g a i n  w h i l e  a l s o  p r e s e n t i n g  low AC a m p l i f i e r  i n p u t  
impedance t o  t h e  p h o t o c e l l  a t  173 and 346 Mz. 
The DC output  from t h e  preamp i s  used t o  d e t e c t  
whether  t h e  lamp i s  on and running  a t  t h e  proper  ou tpu t  l e v e l .  A t  i n i t i a l  
tu rn-on  t h e  lamp output  i s  l o w  u n t i l  t h e  lamp comes up t o  i t s  proper  
o p e r a t i n g  tempera ture .  During t h i s  t i m e  t h e  DC level  from t h e  preamp 
a c t u a t e s  t h e  lamp s t a r t i n g  swi tch  which a p p l i e s  t h e  24-37V DC i n p u t  
v o l t a g e  t o  t h e  lamp o s c i l l a t o r .  When t h e  lamp comes up  t o  t empera tu re  
and t h e  proper  l ' ight  i n t e n s i t y  i s  o b t a i n e d ,  khe DC l e v e l  from t h e  preamp 
rises,  t u r n i n g  o f f  t h e  lamp s t a r t i n g  swi t ch  and app ly ing  12 v o l t s  DC 
t o  t h e  lamp f o r  cont inuous  ope ra t ion .  T h i s  h a s  t h e  d u a l  advantages  of  
a l lowing  t h e  lamp t o  r u n  from a r e g u l a t e d  supply  and t o  consume less  power. 
The AC o u t p u t s  froin t h e  preamp a r e  coupled t o  a 
MOS FET synchronous swi tch  running a t  t h e  second harmonic frequency , 
346 Hz. T h i s  synchronous swi t ch  c o n v e r t s  t h e  second harmonic s i g n a l  
t o  DC and produces a chopped v e r s i o n  c f  t h e  f i r s t  harmonic s i g n a l ,  hav ing  
s p e c t r a l  components a t  t h e  f i rs t  harmonic frequency and i t s  odd harmonics .  
A t  t h e  ou tpu t  o f  t h e  a m p l i f i e r  fo l lowing  t h i s  synchronous s w i t c h ,  low p a s s  
and h igh  pass  f i l t e r s  a l l o w s  s e p a r a t i o n  of t h e  second harmoni-c in fo rma t ion  
from t h e  f i r s t  harmonic s i g n a l .  The second harmonic in fo rma t ion ,  now DC,  
i s  used  t o  d r i v e  a MOS FET a l a rm g a t e  which t u r n s  on t h e  s c a n  o s c i l l a t o r  
when t h e  second harmonic d e c l i n e s  below a p r e s e t  t h r e s h o l d  l e v e l .  The 
scan  o s c i l l a t o r  sweeps t h e  c r y s t a l  o s c i l l a t o r  f requency i n  o r d e r  t o  s e a r c h  
f o r  t h e  rubid ium resonance  and r e - e s t a b l i s h  lock .  The o u t p u t  o f  t h e  a l a r m  
g a t e  i s  a l s o  f ed  through e x t e r n a l  c a b l i n g  t o  t h e  t e s t  and c a l i b r a t i o n  u n i t  
t o  t u r n  on a h o l d i n g  unlock alarm l i g h t  which i n d i c a t e s  t h a t  a momentary 
unlock  a l a rm c o n d i t i o n  h a s  occurred.  
The f i r s t  harmonic s i g n a l  i n fo rma t ion  ob ta ined  
a t  t h e  o u t p u t  of t h e  h igh  pass  f i l t e r  fo l lowing  t h e  second s t a g e  a m p l i f i e r  
i s  fed t o  a second MOS FET synchronous swi t ch  runn ing  a t  173 Hz which 
c o n v e r t s  t h e  chopped harmonic s i g n a l  t o  a DC v o l t a g e .  T h i s  s i g n a l  i s  
ampl i f i ed  by a t h i r d  i n t e g r a t e d  c i r c u i t  o p e r a t i o n a l  a m p l i f i e r  runn ing  
as a n  i n t e g r a t o r ,  and it  p rov ides  t h e  c o r r e c t i o n  v o l t a g e  t o  t h e  c r y s t a l  
o s c i l l a t o r  f o r  l ock ing  t h e  frequency locked loop.  A r o l l - o f f  network 
between t h e  i n t e g r a t i n g  a m p l i f i e r  and t h e  c y r s t a l  o s c i l l a t o r  shapes  t h e  
loop  ga in  f u n c t i o n  i n  o r d e r  t o  o b t a i n  h i g h  DC g a i n  w h i l e  g u a r a n t e e i n g  
t h a t  t h e  f requency  locked loop w i l l  be  s t a b l e  a t  i t s  maximum o b t a i n e d  
band width  of  approximate ly  75 Hz. 
The s i g n a l s  f o r  f r e i u e n c y  modula t ion  and synchronous 
d e t e c t i o n  a r e  produced by a u n i - j u n c t i o n  o s c i l l a t o r  running  at: 692 Hz, 
fo l lowed by two f l i p - f l o p  d i v i d e r s  which produce 346 and 173 Hz squaret7aves. 
An i n t e g r a t e d  c i r c u i t  f l i p - f l o p  follows t h e  second d i v i d e r  and i s  used t o  
gene ra t e  a phase s h i f t e d  squarewave a t  173 Hz f o r  frequency modulation. An 
ampl i tude  ad jus tment  on t h e  output o f  t h e  phase s h i f t e r  a l lows  t h e  c o r r e c t  
modula t ion  l e v e l  t o  be set .  The phase s h i f t e r  a l lows  t h e  modulation phase 
t o  be  advanced i n  o rde r  t o  compensate f o r  t h e  phase  d e l a y  produced i n  t h e  
o p t i c a l  package. 
The tempera ture  c o n t r o l l e r  f o r  t h e  c r y s t a l  o s c i l l a t o r  
i s  b u i l t  i n s i d e  t h e  o s c i l l a t o r  housing and c o n s i s t s  of  a DC b r i d g e  d r i v i n g  
t h e  p r o p o r t i o n a l  c o n t r o l  oven. Power  f o r  t h e  h e a t e r  i s  ob ta ined  d i r e c t l y  
from t h e  24-37V i n p u t  l i n e .  
The fou r  t empera tu re  c o n t r o l l e r s  f o r  t h e  o p t i c a l  
package c o n s i s t  of AC t h e r m i s t o r  b r i d g e s  which a r e  d r i v e n  by squarewaves 
of approx ima te ly  3 . 1  KHz ob ta ined  from t h e  DC t o  DC c o n v e r t e r  o s c i l l a t o r  
. 
i n  t h e  power supply.  
t o  ampl i fy  t h e  b r i d g e  v o l t a g e ,  a synchronous d e t e c t o r ,  and a DC a m p l i f i e r  
which c o n t r o l s  t h e  d u t y  c y c l e  o f  a 3.1 KHz h e a t e r  p u l s e .  A l l  fou r  h e a t e r s  . 
a r e  du ty  c y c l e  modulated i n  o r d e r  t o  o b t a i n  maximum e f f i c i e n c y  and r educe  
power consumption. Of t h e  f ive  h e a t e r s  i n  t h e  f requency  s t a n d a r d  fou r  
use t h e  r a w  DC i n p u t  v o l t a g e ,  The t i p - o f f  hciater i s  r u n  from a 6 v o l t  
r e g u l a t e d  supply  because  t h e  loti mass t o  be  l ieated and t h e  sma l l  amount 
of power r e q u i r e d .  
Each c o n t r o l l e r  c o n s i s t s  o f  a n  o p e r a t i c n a l  a m p l i f i e r  
The f i n a l  p o r t i o n  o f  t h e  ana log  c i r c u i t r y  i s  
t h e  100 KHz s y n t h e s i z e r ,  which take squarewave i n p u t s  from t h e  d i g i t a l  
d i v i d e r  a t  f r equenc ie s  o f  256 KHz, 128 KHz, and 16 KHz. The s y n t h e s i z e r  
adds  1 6  KHz t o  128 KHz g e n e r a t i n g  144 KHz, and then  adds  256 KHz t o  o b t a i n  
400 KHz. T h i s  f requency is  d iv ided  by 4 i n  i n t e g r a t e d  c i r c u i t s  f l i p - f l o p s  
t o  g e n e r a t e  t h e  100 KHz squarewave o u t p u t .  
2 .1 .1 .3  D i g i t a l  C i r c u i t s  
The d i g i t a l  c i r c u i t s  c o n s i s t  of t h e  f r equency  d i v i d e r  which d i v i d e s  
16.384 MHz down t o  1 Hz, t h e  accumulator which performs a d d i t i o n a l  d i v i s i o n ,  
accumulat ing seconds,  minu te s ,  h o u r s ,  and days t o  a maximum count  of 400 days ,  
and t h e  d i g i t a l  c i r c u i t s  which g e n e r a t e  t i m e  code i n  t h e  I R I G  B and I R I G  E 
f o r m a t s .  Also included i n  t h e  d i g i t a l  c i r c u i t s  a r e  n i n e  o u t p u t  a m p l i f i e r s  f o r  
f r e q u e n c i e s  from 4.096 NHz down t o  1 Hz, 34 a m p l i f i e r s  p r o v i d i n g  p a r a l l e l  t i m e  
code o u t p u t s  from 0 . 1  c y c l e s  p e r  second t o  200 days and two ou tpu t  a m p l i f i e r s  
supp ly ing  IRLG B and I R I G  E time cod-es. 
The f i r s t  d i v i s i o n  by 4 i n  t h e  d iv i .der  c h a i n  i s  performed by a 
S y l v a n i a  d u a l  50 NHz f l i p  f l o p .  The n e x t  d i v i s i o n  by 8 from 4.096 PIXz t o  
512 KHz i s  performed by medium speed F a i r c h i l d  d i o d e  t r a n s i s t o r  m i c r o l o g i c  
f l i p  f l o p s .  The remainder of t h e  d i g i t a l  c i r c u i t s  which i n c l u d e  t h e  res t  
of t h e  d i v i d e r ,  t h e  accumula to r ,  and t h e  I R I G  t i m e  c o d e - g e n e r a t o r s  u s e  low 
power F a i r c h i l d  d i o d e - t r a n s i s t o r  m i c r o l o g i c  i n t e g r a t c d  c i r c u i t s .  
Themoutput a m p l i f i e r s  f o r  a l l  45 ou tpu t  channe l s  a r e  PNP t r a n s i s t o r s  
which a re  tu rned  on i n  o r d e r  t o  supply c u r r e n t  t o  t h e  load  i n  t h e  h igh  v o l t a g e ,  
o r  one  s t a t e ,  and are  t u r n e d  o f f  f o r  t h e  z e r o  s t a t e .  The 9 o u t p u t  a m p l i f i e r s ,  
f rom 4.096 MHz t o  1 Hz, which supply three v o l t  p-p s i g n a l s  i n t o  100 ohm 
l o a d s ,  have 56 ohm emit,ter r e s i s t o r s  i n  o rde r  t o  d i v i d e  t h e  5 v o l t  supp ly  
down t o  3 v o l t s  a c r o s s  t h e  load .  The o t h e r  36 ou tpu t  a m p l i f i e r  which supp ly  
I .  
5 v o l t s  p-p i n t o  1,000 ohms, have  no emi t t e r  r e s i s t a n c e  and swi t ch  the 
5 v o l t s  d i r e c t l y  from t h e  power supply t o  t h e  l o a d .  T h i s  d e s i g n  approach 
w a s  t a k e n  i n  o r d e r  t o  minimize t h e  t o t a l .  power consumption, however, i t  
does  mean t h a t  t h e  l a t t e r  a m p l i f i e r s  a r e  n o t  s h o r t  c i r c u i t  p r o t e c t e d .  
2 .1 .1 .4  Power Supply 
The power supply c o n s i s t s  o f  an  i n p u t  c o a r s e  v o l t a g e  r e g u l a t o r  
of the  s w i t c h i n g  type  which conve r t s  t h e  i n p u t  24 t o  37 v o l t s  t o  a 22 v o l t  
DC o u t p u t .  T h e  DC t o  DC c o n v e r t e r  o s c i l l a t o r  r u n s  from t h i s  22 v o l t  supply 
a t  a f r equency  of approximately 3.1 KHz. M u l t i p l e  t a p s  on t h e  t r a n s f o r m e r  
i n  t h e  o s c i l l a t o r  supply squa re  wave s i g n a l s  t o  r e g u l a t e d  and u n r e g u l a t e d  
o u t p u t  l i n e s .  Four r e g u l a t e d  DC ou tpu t  v o l t a g e s  are  provided w i t h  d i s -  
s i p a t e d  r e g u l a t o r s  i n  each o u t p u t .  The r e g u l a t e d  v o l t a g e s  a re  20 v o l t s ,  
12  v o l t s ,  and two s e p a r a t e  o u t p u t s  a t  5 v o l t s .  The 20 v o l t  supp ly  i s  used 
t o  r u n  a l l  of t h e  ana log  c i r c u i t s  of t h e  c l o c k .  The 12  v o l t  supply i s  used 
e x c l u s i v e l y  f o r  cont inuous ope ra t ion  of t h e  rubidium lamp o s c i l l a t o r .  One 
of t h e  f i v e  v o l t  o u t p u t s ,  which has a 1 w a t t  c a p a b i l i t y ,  i s  used f o r  a l l  
of the  f i v e  v o l t  r equ i r emen t s  w i t h i n  t h e  f r equency  locked loop .  These 
r e q u i r e m e n t s  are:  t h e  b i a s  f o r  the  l a m p  o s c i l l a t o r ,  t h e  d i g i t a l  d i v i d e r s  
from 16.384 MI-Iz down t o  512 KHz, and t h e  4 o u t p u t  a m p l i f i e r s  from 4.096 
MHz t h rough  512 KHz. The o t h e r  5 v o l t  r e g u l a t e d  o u t p u t ,  which has a 3 watt 
c a p a b i l i t y ,  i s  used f o r  a l l  of t h e  lower f requency d i g i t a l  c i r c u i t s  and o u t -  
p u t  a m p l i f i e r s .  S e p a r a t e  5 v o l t  l i n e s  a r e  used i n  o r d e r  t o  p reven t  t h e  lower 
f r equency  s i g n a l s  from l e a k i n g  i n t o  t h e  m u l t i p l i e r  and s y n t h e s i z e r  of t h e  
rubidium frequency i n  o r d e r  t o p r e v e n t  s p u r i o u s  s idebands  i n  t h e  microwave 
spec  t r um . 
Another winding on the DC t o  DC c o n v e r t e r  t r ans fo rmer  i s  a c e n t e r  
tapped winding hav ing  13 v o l t s  p-p on each s i d e  w i t h  r e s p e c t  t o  t h e  c e n t e r  
t a p .  These s i g n a l s  are  r e c t i f i e d  t o  p r o v i d e  a c o a r s e l y  r e g u l a t e d  6 v o l t  
o u t p u t  which s u p p l i e s  power t o  the  t i p - o f f  hea te r .  The 13 v o l t  p-p s i g n a l s  
a re  used by t h e  f o u r  o p t i c a l  package oven c o n t r o l l e r s  f o r  t h e  purpose of 
synchronous d e t e c t i o n  and g e n e r a t i o n  of t h e  pulse-width-modulated d u t y  c y c l e .  
Another winding on t h e  DC t o  DC c o n v e r t e r  t r a n s f o r m e r  s u p p l i e s  s q u a r e  wave 
s i g n a l s  a t  0 .7  and 3.5 v o l t s  p-p f o r  u s e  i n  t h e  t empera tu re  b r i d g e s  of t h e  
4 o p t i c a l  package t empera tu re  c o n t r o l l e r s .  
Power f o r  a l l  of t h e  h e a t e r s  w i t h  t h e  e x c e p t i o n  of t h e  t i p o f f  
h e a t e r  i s  t aken  d i r e c t l y  from t h e  i n p u t  l i n e  ahead of t h e  power supp ly  i n  
o r d e r  t o  o b t a i n  b e s t  e f f i c i e n c y  and r educe  power consumption. The power 
s u p p l y  and t h e s e  h e a t e r  c i r c u i t s  a re  a l l  r e v e r s e  v o l t a g e  p r o t e c t e d  so  t h a t  
no damage w i l l  occu r  t o  t h e  u n i t  by i n a d v e r t e n t  p o l a r i t y  r e v e r s a l  of t h e  
i n p u t .  I n  f i n a l  f l i g h t  hardware an RFI f i l t e r  w i l l  be used a t  t h e  power 
i n p u t  p l u g ,  b u t  t h i s  i s  n o t  i nco rpora t ed  i n  t h e  breadboard u n i t .  The 
power supp ly ,  however, h a s  been designed i n  o r d e r  t o  minimize conduc t ive  
i n t e r f e r e n c e .  
2 . 1 . 2  T e s t  and C a l i b r a t i o n  Uni t  
The t e s t  and c a l i b r a t i o n  u n i t  shown i n  F i g u r e s  5 and 6 h a s  been 
des igned  a s  a p i e c e  of ground-based t e s t  equipment which enab le s  t h e  f requency  
s t a n d a r d  t o  be  checked ou t  p r i o r  t o  f l i g h t  and c o n t a i n s  t h e  d i g i t a l  c i r c u i t s  
f o r  s e t t i n g  t h e  c l o c k  t o  w i t h i n  a microsecond of an e x t e r n a l  mas te r  c lock .  
T h i s  u n i t  can be connected t o  t h e  c lock  f o r  a l l  f i n a l  c a l i b r a t i o n  and t e s t i n g  
and can be d i sconnec ted  w i t h o u t  d i s r u p t i n g  t h e  o p e r a t i o n  of t h e  c l o c k .  
The test and c a l i b r a t i o n  u n i t  i s  d i v i d e d  i n t o  t h r e e  major c i r c u i t  
a r e a s  a s  fo l lows :  
(1) Monitor and c o n t r o l  c i r c u i t s  , c o n s i s t i n g  of a mul t ime te r  
f o r  mon i to r ing  d . c .  v o l t a g e s ,  oven c o n t r o l  p o i n t s ,  and s i g n a l  
levels  i n  t h e  f requency  s t a n d a r d ;  manual f requency  c o n t r o l  
c i r c u i t s ;  and an unlock  a l a rm i n d i c a t o r .  
(2) D i g i t a l  c l o c k  s e t t i n g  c i r c u i t s ,  f o r  t h e  purpose  of s e t t i n g  
t h e  t i m e  accumulator  and synchron iz ing  t h e  d i v i d e r  i n  t h e  space  
c l o c k .  
(3) A power module, f o r  g e n e r a t i n g  a r e g u l a t e d  5v d . c .  f o r  o p e r a t i o n  
of t h e  d i g i t a l  c lock  s e t t i n g  c i r c u i t s .  
2 . 1 . 2 . 1  Monitor  and Control  C i r c u i t s  
The moni tor  and c o n t r o l  c i r c u i t s  e n a b l e  t h e  o p e r a t o r  t o  check t h e  
o p e r a t i o n  of t h e  f requency  s tandard  p o r t i o n  of t h e  space  c l o c k .  A m u l t i p l e -  
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p o s i t i o n  swi t ch  and meter a l lows  moni tor ing  of t h e  second harmonic s i g n a l  
l e v e l  a t  t h e  ou tpu t  of t h e  second s e r v o  a m p l i f i e r ,  t h e  au tomat i c  f requency  
c o n t r o l  s i g n a l  a p p l i e d  t o  t h e  c r y s t a l  o s c i l l a t o r  a t  t h e  o u t p u t  of t h e  t h i r d  
a m p l i f i e r ,  t h e  f o u r  r e g u l a t e d  DC power  supply  v o l t a g e s ,  and t h e  d u t y  c y c l e  
of t h e  f o u r  ovens i n  t h e  o p t i c a l  package. 
A swi t ch  enab le s  t h e  c lock  t G  be  s e t  t o  e i t h e r  t h e  au tomat i c  o r  
manual f requency  c o n t r o l  modes. I n  t h e  a u t o  mode t h e  s e r v o  loop  seeks  a 
f requency  lock  u t i l i z i n g  t h e  i n t e r n a l  scan  o s c i l l a t o r .  The space  c lock  
o p e r a t e s  i n  t h i s  a u t o  mode when the  c a b l e  t o  t h e  t e s t  and c a l i b r a t i o n  u n i t  
i s  d i sconnec ted  and i s  only  prevented from o p e r a t i n g  i n  t h e  a u t o  mode when 
t h e  mode swi t ch  i s  i n  t h e  manual f r equency  p o s i t i o n .  
t h e  s e r v o  loop  i s  opened, t h e  scan o s c i l l a t o r  i s  d i s c o n n e c t e d ,  and t h e  manual 
f r equency  a d j u s t  po ten t iome te r  on t h e  f r o n t  of t h e  t e s t  and c a l i b r a t i o n  u n i t  
a l l o w s  a v a r i a b l e  DC AFC v o l t a g e  t o  be  a p p l i e d  t o  t h e  c r y s t a l  o s c i l l a t o r  f o r  
t u n i n g  i t  over  a r ange  of -I-2-3 x 10 w i t h  r e s p e c t  t o  i t s  normal s e t t i n g .  
T h i s  manual mode i s  u s e f u l  f o r  observ ing  t h e  resonance  l i n e  i n  t h e  o p t i c a l  
package,  o r  f o r  o b t a i n i n g  l a r g e  unlocked f requency  o f f s e t s .  The AFC meter 
r e a d i n g  i s  used f o r  s e t t i n g  t h e  c o n t r o l  s i g n a l  t o  z e r o  by a d j u s t i n g  t h e  c r y s t a l  
t r i m  p o t e n t i o m e t e r  on t h e  space  c lock  c h a s s i s  p r i o r  t o  f l i g h t .  
I n  t h e  manual p o s i t i o n  
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A BNC j a c k  on t h e  f r o n t  of t h e  t e s t  and c a l i b r a t i o n  u n i t  b r i n g s  
o u t  a sawtooth v o l t a g e  a t  t h e  modulat ion f r equency  of 1 7 3  Hz which i s  used 
e i t h e r  as a means of mon i to r ing  the  modula t ion  f requency  t o  de te rmine  i f  
t h e  modul.ation o s c i l l a t o r  i s  f u n c t i o n i n g  p r o p e r l y ,  o r  a s  a v o l t a g e  t o  p r o v i d e  
h o r i z o n t a l  sweep f o r  an  o s c i l l o s c o p e  when mon i to r ing  t h e  . s i g n a l  l e v e l s  a t  
t h e  ou tpu t  of t h e  p r e a m p l i f i e r  i n  t h e  s e r v o  loop  d u r i n g  i n i t i a l  s e t t i n g  and/or  
maintenance of t h e  c l o c k .  
The monitor  and c o n t r o l  c i r c u i t s  a l s o  i n c l u d e  an unlock a l a rm l i g h t  
which i s  turned  on by a n  SCR lock ing  swi t ch  i f  an  unlock  a l a rm occur s  i n  t h e  
f r equency  locked loop .  T h i s  l i g h t  remains on u n t i l  t h e  l i g h t  i s  pushed, 
i n  which c a s e  t h e  t u r n  o f f  switch w i l l  e x t i n g u i s h  t h e  l i g h t  i f  a n  unlock  
alarm c o n d i t i o n  does  n o t  s t i l l  e x i s t  i n  t h e  s e r v o  loop .  
A l l  of t h e  l i n e s  f o r  t h e  moni tor  and c o n t r o l - c i r c u i t s  a re  brought  
from t h e  space  c l o c k  t o  t h e  t es t  and c a l i b r a t i o n  u n i t  on a s i n g l e  n iu l t i -  
conductor  c a b l e .  
2 .1 .2 .2  D i g i t a l  Clock S e t t i n g  C i r c u i t s  
The c l o c k  s e t t i n g  c i r c u i t s  c o n s i s t s  of a t i m e  comparator which 
compares t h e  30 accumula tor  ou tput  l i n e s  from seconds 1 through days  200 
w i t h  30 s i m i l a r  d a t a  l i n e s  from a m a s t e r  c l o c k .  A b u t t o n  i s  provided which 
e n a b l e s  t h e  o p e r a t o r  t o  i n i t i a t e  c a l i b r a t i o n  of t h i s  s l a v e  c lock  by s e t t i n g  
t h e  accumulator  and synchroniz ing  t h e  d i v i d e r  i n  t h e  space  c l o c k .  I f  t h e  
. .  
s p a c e  c lock  accumulator  does  n o t  a g r e e  w i t h  t h e  mas ter  c l o c k ,  t h e  100 KHz 
s i g n a l  from t h e  space  c lock  is  used t o  r u n  up t h e  accumulator  a t  t h e  1 cps  
i n p u t ,  t h u s  running  up t h e  accumulator  a f a c t o r  of 10 f a s t e r  t han  i t  
normal ly  o p e r a t e s .  When t h e  two c l o c k s  a g r e e ,  t h e  100 KHz s i g n a l  i s  t u r n e d  
o f f  and t h e  f a l l i n g  edge of t h e  1Hz s i g n a l  i n  t h e  d i v i d e r  i s  then  synchronized 
t o  t h e  same f a l l i n g  edge of t h e  1 Hz s i g n a l  from t h e  master c lock .  S e t t i n g  
of t h e  space  c lock  i s  then  complete.  L i g h t s  on t h e  f r o n t  pane l  of t h e  t e s t  
and c a l i b r a t i o n  u n i t  i n d i c a t e  whetlier t h e  space  c lock  i s  s e t ,  whether  t h e  
s e t t i n g  has  f a l l e n  w i t h i n  t h e  + - microsecond s e t t i n g  t o l e r a n c e ,  and whether  
t h e  space  c lock  i s  l a t e  o r  e a r l y  w i t h  r e s p e c t  t o  t h e  mas ter  c lock .  A f i n e  
sync  ad j u s t  po ten t iome te r  a l l o w s  a con t inuous  ad jus tment  of approximate ly  
1 microsecond t o  be made i n  t h e  r e l a t i v e  s e t t i n g  between t h e  two c l o c k s  f o r  
f i n e r  synchron iza t ion .  
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I n  t h e  event  t h a t  no mas ter  c lock  i s  a v a i l a b l e ,  a se t  of manual 
s w i t c h e s  h a s  been provided which e n a b l e s  days ,  h o u r s ,  minu te s ,  and t e n s  of 
s econds  t o  b e  manual ly  i n s e r t e d  i n t o  t h e  space  c lock  accumula tor .  I n  t h i s  
mode of o p e r a t i o n  t h e  d i v i d e r  i s  s t a r t e d  by means of d e p r e s s i n g  a push 
b u t t o n  and of cour se  no synchron iza t ion  t o  an e x t e r n a l  r e f e r e n c e  occur s .  
A f t e r  r e s e t t i n g  of t h e  space c l o c k ,  t h e  mas ter  c lock  i n p u t s  and t h e  
c a b l e  c a r r y i n g  t h e  d i g i t a l  s i g n a l s  between t h e  space  c lock  and t h e  t es t  and 
c a l i b r a t i o n  u n i t  can be l e f t  connected o r  d i sconnec ted  a s  d e s i r e d .  I f  l e f t  
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connected ,  t h e  l a t e - e a r l y  c i r c u i t s  c o n t i n u e  t o  t e l l  whether  t h e  space  c lock  
i s  ahead o r  behind t h e  mas te r  c lock  i n  t i m e  c a l i b r a t i o n  and t h e  t o l e r a n c e  
l i g h t s  i n d i c a t e  whether  a t i m e  e r r o r  l a r g e r  t han  one microsecond has  
accumulated.  
A l s o  on t h e  f r o n t  of the  t e s t  and c a l i b r a t i o n  u n i t  a r e  45 s i g n a l  
l e v e l  t e s t  p o i n t s  f o r  mon i to r ing  a l l  t h e  o u t p u t s  of the space  c l o c k .  A l l  'of 
t h e s e  l i n e s  are  loaded by  t h e i r  proper  impedances w i t h i n  t h e  t e s t  and c a l i -  
b r a t i o n  u n i t ,  t h e  n i n e  o u t p u t s  f r o m  4.036 Mc t o  1 cps  be ing  loaded w i t h  
100 ohms, and t h e  o t h e r  34 ou tpu t s  l i n e s  be ing  load ing  w i t h  1000 ohms. 
2 . 1 . 2 . 3  Power Module 
A power module w i t h i n  the  t e s t  and c a l i b r a t i o n  u n i t  t a k e s  24 t o  
32 v o l t s  DC a s  an i n p u t ,  and ,  by means of a DC t o  DC c o n v e r t e r  and v o l t a g e  
r e g u l a t o r ,  produces 5 v o l t s  DC fo r  o p e r a t i o n  of a l l  t h e  d i g i t a l  c l o c k  s e t t i n g  
c i r c u i t s .  
The monitor  and c o n t r o l  c i r c u i t s  w i t h i n  t h e  t e s t  and c a l i b r a t i o n  
u n i t  d e r i v e  a l l  of t h e i r  power from t h e  space  c l o c k  i t s e l f  and n o  power i n p u t  
t o  the  t e s t  and c a l i b r a t i o n  u n i t  i s  r e q u i r e d  i f  t h e  d i g i t a l  c lock  s e t t i n g  
c i r c u i t s  are n o t  t o  be  used .  However, c a r e  must b e  t aken  t o  d i sconnec t  t h e  
d i g i t a l  c i r c u i t  c a b l e  connec t ing  t h e  space  c lock  t o  t h e  t e s t  and c a l i b r a t i o n  
u n i t  p r i o r  t o  removing power, s i n c e  f a i l u r e  t o  do so ,  w i l l  ground t h e  reset  
l i n e  and s t o p  t h e  c l o c k .  
2.2 Major Design Problem Areas 
The development of t h e  atomic t i m e  and frequency r e f e r e n c e  
system has p r e s e n t e d  a number of  d i f f i c u l t  and c h a l l e n g i n g  des ign  pro-  
blem a r e a s  which have r e q u i r e d  new t e c h n i c a l  approaches and , in  some 
c a s e s ,  t r a d e - o f f s  between d e s i r e d  des ign  g o a l s .  Die most d i f f i c u l t  de- 
s i g n  problem has  been t h a t  of o b t a i n i n g  s a t i s f a c t o r y  o p e r a t i o n  of t h e  
space  c l o c k  under t h e  combinations of s e v e r e  envi ronmenta l  c o n d i t i o n s .  
I n  a d d i t i o n ,  some new d e s i g n  approaches have been necessa ry  i n  o r d e r  t o  
s e p a r a t e  t h e  moni tor  and c o n t r o l  func t ions  from t h e  f l y a b l e  space  c l o c k  
and p l a c e  them i n  a ground based  u n i t .  
2 .2 .1  Space Clock 
The major des ign  problem a r e a s  f o r  t h e  f l y a b l e  space  c l o c k  
u n i t  are : 
1. Thermal d e s i g n ,  which i n c l u d e s  t h e  des ign  f o r  h igh  temp- 
e r a t u r e  o p e r a t i o n  ( 7 l o C ) ,  t h e  des ign  f o r  wide t empera tu re  range,  t h e  de-  
s i g n  f o r  minimum power consumption, and t h e  des ign  f o r  t h e  b e s t  com- 
promise between t h e  c o n f l i c t i n g  requi rements  of mechanical r i g i d i t y  and 
minimum power Consumption wh i l e  ma in ta in ing  adequate  t empera tu re  c o n t r o l .  
2 .  Mechanical des ign ,  which i n c l u d e s  d e s i g n  f o r  t h e  h i g h  shock 
and v i b r a t i o n  environment,  des ign  f o r  minimum s i z e  c o n s i s t e n t  w i t h  min i -  
miz ing  power consumption and maximizing r i g i d i t y ,  and s e a l i n g  t h e  u n i t  
f o r  R F I  p r o t e c t i o n  and f o r  immunity t o  envi ronmenta l  p r e s s u r e  and gas  
compos i t ion  changes .  
3 .  The d e s i g n  f o r  long t e r m  una t t ended  o p e r a t i o n .  The way i n  
which t h e s e  d i f f i c u l t  d e s i g n  problem a r e a s  m a n i f e s t  themselves i n  t h e  
v a r i o u s  p a r t s  of t h e  space c l o c k  i s  d i s c u s s e d  i n  t h e  fo l lowing  s e c t i o n s .  
2 .2 .1 .1  O p t i c a l  Package 
The development of an o p t i c a l  package which would o p e r a t e  a t  
e l e v a t e d  t empera tu res  had been fo reseen  t o  be,  and i n  f a c t ,  proved t o  be 
t h e  most d i f f i c u l t  problem i n  t h e  breadboard development. During t h e  
cour se  of t h e  program, two d i f f e r e n t  approaches t o  t h e  thermal  des ign  
of t h e  o p t i c a l  package were t r i e d ,  which are shown i n  b l o c k  diagram form 
i n  F igu re  7 .  I n  bo th  of t h e s e  des igns ,  t h e  lamp was l o c a t e d  o u t s i d e  of  
t h e  t r i p l y - m a g n e t i c - s h i e l d e d  region,  w i t h  t empera tu re  c o n t r o l s  a t  +116"C,  
and i t s  l i g h t  was brought  through t h e  s h i e l d  cans  by means of a l i g h t  
p i p e .  
The f i r s t  thermal  design,  F igure  7a, was a minimum power 
s o l u t i o n  t o  t h e  t empera tu re  c o n t r o l  problem. I n  t h i s  des ign  t h e  t i p - o f f  
of t h e  r e f e r e n c e  c e l l  was heat-sunk d i r e c t l y  t o  t h e  h e r m e t i c a l l y  s e a l e d  
aluminum hous ing  su r round ing  t h e  t r i p l e  magnetic s h i e l d  and was c o n t r o l l e d  
by means of a h e a t e r  mounted on the t i p - o f f  i t s e l f .  The microwave c a v i t y  
s e r v e d  as t h e  oven f o r  t h e  body of t h e  r e f e r e n c e  c e l l  and a l s o  func t ioned  
a s  a n  o u t e r  oven f o r  t h e  f i l t e r  c e l l  which was mounted i n s i d e  t h e  c a v i t y  
s t r u c t u r e  and i n c o r p o r a t e d  i t s  own oven. The p h o t o c e l l  was i n  good t h e r -  
m a l  c o n t a c t  w i t h  t h e  innermost magnetic s h i e l d .  The problems w i t h  t h i s  
d e s i g n  were t h a t  bo th  t h e  c a v i t y  and t h e  t i p - o f f  h e a t e r s  had t o  c o n t r o l  
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tendency of t h e  tempera ture  c o n t r o l l e r s  t o  o s c i l l a t e  because  of  t h e  l a r g e  
duty c y c l e  v a r i a t i o n  encountered  over t h e  combina t ion  of ambient-temper- 
a t u r e  and inpu t  power-supply-voltage r anges .  I n  a d d i t i o n ,  t h e  degree  of 
thermal  c o n t r o l  was no t  a s  t i g h t  as  d e s i r e d  and t h e  c o n f i g u r a t i o n  of t h e  
ovens in t roduced  s u b s t a n t i a l  thermal g r a d i e n t s  w i t h i n  t h e  o p t i c a l - m i c r o -  
wave s t r u c t u r e .  
body of  the  r e f e r e n c e  c e l l  a t  84"C, and t h e  t i p - o f f  of t h e  r e f e r e n c e  c e l l  
a t  76°C. 
an ambient tempera ture  range  of -34 t o  +71"C. 
s a t i s f a c t o r y  s i g n a l  l e v e l s  and ma in ta in  f requency  l o c k  over t h i s  e n t i r e  
ambient tempera ture  range,  however, t h e  i n t e r n a l  thermal  g r a d i e n t s  and 
t h e  l a c k  o f  d e s i r e d  tempera ture  c o n t r o l  caused a frequency change of 
approximate ly  1 . 6  X 10 over  t h e  tempera ture  range,  w i t h  a s l o p e  of 
-2 X 1 0 - l l / o C  a t  room tempera ture .  
a t i o n  of t h e  p h o t o c e l l  caused v a r i a t i o n  of t h e  o u t p u t  s i g n a l  l e v e l  which 
I n  t h i s  des ign ,  t h e  f i l t e r  c e l l  was ope ra t ed  a t  89"C, t h e  
The tempera ture  of t h e  p h o t o c e l l  v a r i e d  from 56 t o  75°C over  
It was p o s s i b l e  t o  o b t a i n  
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I n  a d d i t i o n ,  t h e  t empera tu re  v a r i -  
was a minor problem. I n  t h i s  design,  t h e  s m a l l e s t  mass h e a t e r ,  namely 
t h a t  of t h e  t i p - o f f ,  was powered from a r e g u l a t e d  6V supply  w h i l e  t h e  
remainder of t h e  h e a t e r s  were run from t h e  un regu la t ed  24 t o  37V i n p u t .  
V a r i a t i o n  of i n p u t  v o l t a g e  a l s o  caused a frequency change of approx i -  
ma te ly  2 . 6  X 10 
t empera tu re .  It i s  b e l i e v e d  t h a t  t h i s  v a r i a t i o n  was caused by v a r i a t i o n s  
i n  t h e  f i l t e r  ce l l .  t empera ture  s ince  t h i s  i s  t h e  most t he rma l ly  c r i t i c a l  
- 10 over  t h e  24 t o  37V range i n  measurements made a t  room 
e lement  i n  t h e  e n t i r e  s t a n d a r d ,  i t s  t empera tu re  s e n s i t i v i t y  be ing  5 X 10 -10 
p e r  O C  a t  t h e  e l e v a t e d  o p e r a t i n g  t empera tu re .  
Since  t h e  frequency v a r i a t i o n  w i t h  t empera tu re  was s o  l a r g e  
t h a t  i t  prec luded  making meaningful long term s t a b i l i t y  measurements 
u n l e s s  t h e  c l o c k  were ope ra t ed  a t  ex t remely  c o n s t a n t  ambient t empera tu re ,  
a major m o d i f i c a t i o n  i n  t h e  h e a t e r  d e s i g n  was c a r r i e d  o u t .  I n  t h i s  de- 
s i g n ,  F igu re  7 b ,  t h e  innermost magnetic s h i e l d  i s  o p e r a t e d  as an o u t e r  
oven w i t h  t h e  t i p - o f f  of t h e  r e f e r e n c e  c e l l  i n  good thermal  c o n t a c t  w i t h  
t h e  s h i e l d .  The c a v i t y  i s  ope ra t ed  as an i n n e r  oven which c o n t r o l s  t h e  
body of t h e  r e f e r e n c e  c e l l  and se rves  a s  an o u t e r  oven f o r  t h e  f i l t e r  
c e l l .  The f i l t e r  c e l l  i s  t h e r e f o r e  o p e r a t i n g  i n  a t r i p l e  oven c o n f i g -  
u r a t i o n .  In t h i s  des ign  t h e  p h o t o c e l l  i s  hea t - sunk  t o  t h e  c a v i t y  and 
o p e r a t e d  a t  a h ighe r  b u t  more c o n s t a n t  t empera tu re .  Th i s  e l e v a t e d  temp- 
e r a t u r e  reduces  t h e  e f f i c i e n c y  of t h e  p h o t o c e l l  and r e q u i r e d  t h a t  t h e  
o p e r a t i n g  tempera tures  be r e d u c e d  i n  o r d e r  t o  o b t a i n  s a t i s f a c t o r y  s i g n a l  
l e v e l s .  
t h e  body of the  r e f e r e n c e  c e l l ,  the microwave c a v i t y ,  and t h e  p h o t o c e l l ,  
and 73°C f o r  t h e  o u t e r  oven and t i p - o f f  of  t h e  r e f e r e n c e  c e l l .  
f i g u r a t i o n  \as r e s u l t e d  i n  a s i g n i c i c a n t  r e d u c t i o n  i n  t h e  i n t e r n a l  g rad -  
i e n t s  because  of t h e  p re sence  of t h e  o u t e r  oven, and h a s  improved t h e  
c o n t r o l  of t h e  p h o t o c e l l  and r e f e r e n c e  c e l l  t empera tu res  because of t h e  
p r e s e n c e  of t h e  o u t e r  oven. The s l o p e  of t h e  frequency change a t  room 
t empera tu re  was improved by g r e a t e r  t han  a f a c t o r  cf 3, be ing  
-0.6 X 10 This  des ign  r e q u i r e d  t h a t  t h e  max- 
imum ambient o p e r a t i n g  tempera ture  be reduced because of t h e  r e d u c t i o n  
r e q u i r e d  i n  i n t e r n a l  t empera tu res .  The power consumption of t h e  e n t i r e  
c l o c k  was i n c r e a s e d  from 2 1  t o  24W a t  room tempera tu re  due p r i m a r i l y  
t o  t h e  s i g n i f i c a n t l y  i n c r e a s e d  area of t h e  o u t e r  oven aqd i t s  h e a t  
I n t e r n a l  tempera tures  a r e  85°C f o r  t h e  f i l t e r  c e l l ,  80°C f o r  
This  con- 
-11 /"C i n  t h e  new design.  
l eakage  t o  t h e  ambient environment. I n  t h i s  des ign ,  t h e  f i l t e r  c e l l  i s  
t h e  lowes t  mass oven and i s  run  from a r e g u l a t e d  6 V  supply,  w h i l e  t h e  
o t h e r  ovens o b t a i n  t h e i r  power f rom t h e  un regu la t ed  24 t o  3 7 V  i n p u t .  
Th i s  des ign  improved t h e  frequency v s .  i n p u t  v o l t a g e  c h a r a c t e r i s t i c s  by 
a f a c t o r  of 5 t o  a t o t a l  v a r i a t i o n  of  5 . 5  X 10 over  t h e  24 t o  3 7 V  
i n p u t  r ange .  
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Thermal losses t o  t h e  environment were l a r g e l y  d i c t a t e d  by 
t h e  s i z e  and t h e  degree  of mechanical ruggedness b u i l t  i n t o  t h e  o p t i c a l  
package. The u n i t  was des igned  t o  o p e r a t e  i n  t h e  s p e c i f i e d  shock and 
v i b r a t i o n  environments,  and t h u s  has t h e  d i f f i c u l t  mechanica l - thermal  
compromises i x o r p o r a t e d .  The u n i t  was des igned  a s  a h e r m e t i c a l l y  
s e a l e d  c a s e  i n  o r d e r  t o  avoid  changes i n  t h e  thermal  c h a r a c t e r i s t i c s  
caused  by wide ambient p r e s s u r e  v a r i a t i o n s ,  and i t  i n c o r p o r a t e s  a 
double-wal led  gas  c e l l  t o  minimtze f requency  changes due t o  p r e s s u r e  
v a r i a t i o n s  caused by t h e  wide ambient t empera tu re  range.  A f t e r  t h e  
commitment t o  t h i s  p a r t i c u l a r  mechanical des ign  had been made, i t  was 
d i s c o v e r e d  t h a t  t h e  lamp could  be o p e r a t e d  on 0.5W of d .c .  i n p u t  power, 
which was much lower than  had p rev ious ly  been thought p o s s i b l e .  It i s  
now b e l i e v e d  t h a t  because  of t h i s  lower o p e r a t i n g  power t h e  lamp could  
be moved i n s i d e  one o r  more of the s h i e l d s  and t empera tu re  c o n t r o l l e d  
a t  t h a t  p o i n t ,  g i v i n g  a smaller, lower-power-consumption u n i t .  This  i s  
one of t h e  q u e s t i o n s  t o  be reso lved  i n  t h e  second phase of t h e  program. 
The s i g n i f i c a n c e  of the work c a r r i e d  o u t  on t h e  o p t i c a l  pack- 
a g e  i s  t h a t  a u n i t  has  been b u i l t  which, t o  t h e  b e s t  of our knowledge, 
o p e r a t e s  a t  h i g h e r  ambient and i n t e r n a l  t empera tu res  than  any rubidium 
s t a n d a r d  h e r e t o f o r e  c o n s t r u c t e d ,  o p e r a t e s  over  a wider  tempera ture  
range and w i t h  l e s s  power consumption than  p rev ious  u n i t s ,  and i n c o r -  
p o r a t e s  rugged mechanical d e s i g n  f e a t u r e s  f o r  t h e  shock and v i b r a t i o n  
envi ronment . '  
2 .2 .1 .2  Analog C i r c u i t s  
The frequency of t h e  c r y s t a l  o s c i l l a t o r  was s e l e c t e d  a s  
16.384 MHz, t h e  f o u r t h  harmonic of t h e  h i g h e s t  o u t p u t  frequency of 
4.096 MHz, i n  o r d e r  t o  ach ieve  the  b e s t  compromise between (1) a sma l l  
mass c r y s t a l  t o  b e s t  w i ths t and  shock and v i b r a t i o n ,  ( 2 )  a c r y s t a l  w i t h  
l o w  a g i n g  r a t e ,  and (3)  an  o s c i l l a t o r  w i t h  good s h o r t  t e r m  s t a b i l i t y .  
The c r y s t a l  o s c i l l a t o r  was purchased froin Frequency E l e c t r o n i c s  w i t h  
s p e c i f i c a t i o n s  on long term frequency d r i f t  l e s s  than t 1 X 10 i n  two 
y e a r s ,  frequency change w i t h  tempera ture  less  t h a n  23 X 10 over t h e  
- 6  
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maximum o p e r a t i n g  tempera ture  range, and s h o r t  term s t a b i l i t y  of 
3 X 10- l l rms  f o r  one second averaging  t imes .  
c a t i o n s ,  t h e  dynamic range  of t h e  AFC loop was des igned  t o  have a max- 
i m u m  frequency c o r r e c t i n g  range  of  9 . 5  X 10 
i c i e n t  c o r r e c t i o n  range  f o r  two y e a r s  of d r i f t  i n  t h e  c r y s t a l  o s c i l l a t o r .  
I n  a d d i t i o n ,  a c r y s t a l  t r i m  c o n t r o l  was added t o  t h e  c r y s t a l  o s c i l l a t o r  
which a l s o  has  t h e  range  of 22.5 X 10 i n  o r d e r  t o  set  t h e  s e r v o  l o o p  
t o  t h e  c e n t e r  of i t s  dynamic range a t  t h e  t ime of i n i t i a l  c a l i b r a t i o n .  
The d . c .  g a i n  of t h e  s e r v o  loop  i s  approximate ly  3 X 1@f6 t h u s  caus ing  
t h e  frequency change of t h e  c r y s t a l  o s c i l l a t o r  w i t h  tempera ture  t o  con- 
t r i b u t e  approximate ly  +1 X 10 t o  t h e  ou tpu t  f requency  of t h e  s t a n d a r d  
In view of t h e s e  s p e c i c i -  
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i n  o r d e r  t o  provide  s u f f -  
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over  t h e  envi ronmenta l  t empera ture  range .  
s e t  as h i g h  a s  p o s s i b l e ,  173 Hz, i n  o r d e r  t o  o b t a i n  minimum response  
t i m e  and maximum bandwidth i n  t h e  frequency l o c k  se rvo ,  t o  o b t a i n  t h e  
most c o r r e c t i o n  of  c r y s t a l  o s c i l l a t o r  n o i s e ,  and t o  o b t a i n  some degree  
of c o r r e c t i o n  under v i b r a t i o n  c o n d i t i o n s .  
t h e  s e r v o  i s  approximately 75 Hz. The c r y s t a l  o s c i l l a t o r  meets t h e  
f requency  v s .  t empera ture  s p e c i f i c a t i o n s ,  but .  i s  s i g n i f i c a n t l y  worse 
than  t h e  3 X 
be ing  on t h e  o r d e r  of 12 X 10-l'. 
n o t  t h e  pr imary c o n t r i b u t o r  t o  t h e  s h o r t  t e r m  s t a b i l i t y  of  t h e  o v e r a l l  
s t a n d a r d  f o r  one second ave rag ing  t i m e s ,  i t s  c o n t r i b u t i o n  i s  f a r  l a r g e r  
t h a n  t h e  s h o r t  t e r m  s p e c i f i c a t i o n  of 5 X 10 . 
The modula t ion  f requency  was 
The r e s u l t i n g  bandwidth of 
s h o r t  term s p e c i f i c a t i o n s ,  i t s  s h o r t  term s t a b i l i t y  
Although t h e  c r y s t a l  o s c i l l a t o r  i s  
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A new des ign  f o r  s e p a r a t i o n  of  t h e  f i r s t  and second harmonics 
of  t h e  modulat ion frequency i n  the  feedback c o n t r o l  c i r c u i t s  was used.  
T h i s  d e s i g n  uses  d u a l  synchronous d e t e c t i o n  a t  b o t h  2nd and 1s t  harmonics 
and r e q u i r e s  a modulat ion o s c i l l a t o r  running  a t  t h e  4 t h  harmonic of t h e  
modula t ion  f requency .  
wave frequency modula t ion  has  e l i m i n a t e d  t h e  need f o r  la rge ,heavy 
f i l t e r s  i n  bo th  t h e  modulat ing and de-modulat ing c i r c u i t s ,  t h u s  l end ing  
t h e s e  c i r c u i t s  t o  h igh  d e n s i t y  and low volume packaging i n  t h e  second 
phase  program. 
Th i s  des ign  approach i n  combinat ion w i t h  square  
I n  t h e  s y n t h e s i s  o f  t he  frequency which exci tes  t h e  rubidium 
t r a n s i t i o n ,  t h e  d e s i g n  approach was taken  t o  perform a l l  m u l t i p l i c a t i o n  
and s y n t h e s i s  e x t e r n a l  t o  t h e  o p t i c a l  package and couple  t h e  o u t p u t  of 
t h i s  s y n t h e s i z e r  t o  t h e  microwave c a v i t y  by means of a 50 ohm c o a x i a l  l i n e  
which i s  matched t o  t h e  c a v i t y  wi th  low s t a n d i n g  wave r a t i o .  
approach r u n s  t h e  r i s k  t h a t  t h e  power which e x c i t e s  t h e  rubidium t r a n s -  
i s t i o n  may not  be c o n s t a n t  over the envi ronmenta l  t empera tu re  range  be-  
cause  t h e  m u l t i p l i e r  and s y n t h e s i z e r  a r e  not t empera tu re  c o n t r o l l e d .  
S a t i s f a c t o r y  power-temperature c h a r a c t e r i s t i c s  have been o b t a i n e d  i n  
u n i t s  of almost i d e n t i c a l  d e s i g n  b u i l t  f o r  t h e  commercial R-20's b u t  t h e  
u n i t s  b u i l t  f o r  t h e  space  c l o c k  have had power v a r i a t i o n s  l a r g e r  t h a n  de-  
s i r e d .  
l e v e l  from t h e  p h o t o c e l l  was l a r g e  enough s o  t h a t  l o c k  could  be main- 
t a i n e d  over t h e  -34 t o  + 7 l o C  tempera ture  range,  hovever t h e  s i g n a l  l e v e l  
v a r i a t i o n  wi th  tempera ture  was much l a r g e r  than d e s i r e d .  With t h e  second 
thermal  des ign  a t  the  o p t i c a l  package, s i g n a l  l e v e l s  were lower due t o  t h e  
h i g h e r  p h o t o c e l l  t empera ture  and t h e  r e d u c t i o n  i n  m u l t i p l i e r  ou tpu t  power 
a t  h i g h  tempera tures  caused t h e  s i g n a l  l e v e l  t o  f a l l  t o  t h e  p o i n t  where 
l o c k  was l o s t  a t  some t empera tu re  between 45 and 61'C. The space  c l o c k  
m u l t i p l i e r s  should  be s a t i s f a c t o r y  i f  they can  Le a d j u s t e d  t o  be comparable 
t o  t h o s e  b u i l t  f o r  Lhe R-20 .  The r eason  f o r  t h e  d i f f e r e n c e  i s  t o  be  i n v e s t -  
i g a t e d  i n  phase 11. 
This  d e s i g n  
With t h e  f i r s t  thermal  des ign  of t h e  o p t i c a l  package, t h e  s i g n a l  
The h e a t e r  c o n t r o l l e r s  f o r  t h e  o p t i c a l  package were des igned  
as d u t y  c y c l e  modulated swi t ch ing  c o n t r o l l e r s  runn ing  a t  approximate ly  
3 . 1  KHz. 
b u t  because  of  t h e  l a r g e  c u r r e n t s  and v o l t a g e s  swi tched  i n  t h e  h e a t e r  
c i r c u i t s ,  s p u r i o u s  s i g n a l s  a t  3 . 1  KHz a r e  found i n  many p a r t s  of  t h e  
Duty c y c l e  c o n t r o l l e r s  a r e  a minimum power consumption approach, 
c i r c u i t r y .  No major a t t empt  has  been made t o  e l i m i n a t e  o r  reduce  t h e s e  
s p u r i o u s  s i g n a l s  s i n c e  t h e  coupl ing  i s  dependent upon c i r c u i t  l a y o u t .  
S ince  t h e  l a y o u t  of t h e  eng inee r ing  model w i l l  be  s i g n i f i c a n t l y  d i f f e r e n t  
from t h a t  of t h e  breadboard,  i t  did n o t  appear  wor th  w h i l e  t o  a t t empt  t o  
s o l v e  t h i s  problem i n  t h e  breadboard c i r c u i t r y .  The same h e a t e r  d e s i g n  
approach h a s  been taken  i n  t h e  commercial rubidium frequency s t a n d a r d s ,  
and i t  h a s  been found t h a t  t h e  spu r ious  s i g n a l s  can  be  reduced t c  t h e  
p o i n t  where they  produce s i d e  bands on t h e  ou tpu t  f r e q u e n c i e s  of t h e  
s t a n d a r d  which a r e  g r e a t e r  t h a n  100 db below t h e  ou tpu t  c a r r i e r s .  I n  
the breadboard spacec lock  t h e s e  s i g n a l s  a r e  g r e a t e r  t h a n  80 db below t h e  
o u t p u t  s i g n a l  w i thou t  any a t t empt  t o  c o n t r o l  them. S i g n i f i c a n t  improve- 
ments i n  t h i s  a r e a  should  b e  made i n  t h e  eng inee r ing  model. 
2 . 2 . 1 . 3  D i g i t a l  C i r c u i t s  
The pr imary  problem i n  t h e  d i g i t a l  c i r c u i t  a r e a  was t h a t  
of s e l e c t i n g  a low power i n t e g r a t e d  c i r c u i t  l o g i c  f a m i l y  having h i g h  
r e l i a b i l i t y .  
f a m i l y  w a s  s e l e c t e d  and h a s  proved t o  b e  v e r y  s a t i s f a c t o r y .  T h i s  i s  
c u r r e n t l y  t h e  lowes t  power l o g i c  f ami ly  commercial ly  a v a i l a b l e .  I t s  
speed i s  h i g h  enough t o  be used f o r  a l l  l o g i c  f u n c t i o n s  below 512 K H z .  
i n  t h e  c l o c k .  
f o r  f r e q u e n c i e s  above 512 K H z .  
A new F a i r c h i l d  low power d i o d e  t r a n s i s t o r  mic ro log ic  
Ordinary  d iode  t r a n s i s t o r  m i c r o l o g i c  e lements  a r e  used 
Minimum power consumption o u t p u t  b u f f e r  a m p l i f i e r s  were 
des igned  by u s i n g  s a t u r a t i n g  pnp swi t ch ing  t r a n s i s t o r s  which a r e  tu rned  
. on between t h e  5v supp ly  and t h e  ou tpu t  l o a d .  For t h o s e  o u t p u t s  r e q u i r i n g  
3v p-p,  emitter r e s i s t o r s  p r o t e c t  t h e  pnp swi t ches  from burn  ou t  i n  
t h e  event  of s h o r t  c i r c u i t s .  For  t h o s e  o u t p u t s  r e q u i r i n g  5v p-p,  t h e r e  
a re  no  emitter r e s i s t o r s  and t h e  t r a n s i s t o r  swi t ches  a r e  n o t  s h o r t - c i r c u i t  
p r o t e c t e d .  
s p e c i f i c a t i o n s  f o r  t h e  eng inee r ing  models which r e q u i r e  a l l  o u t p u t s  t o  
be s h o r t  c i r c u i t  p r o t e c t e d .  S l i g h t l y  more power i s  r e q u i r e d  t o  i n s u r e  
T h i s  f e a t u r e  i s  t o  b e  changed accord ing  t o  t h e  r e v i s e d  
s h o r t  c i r c u i t  p r o t e c t i o n ,  s i n c e  a 6v supply  w i l l  b e  needed t o  supply  
t h e  same c u r r e n t  now be ing  provided f o r  t h e  5v supply .  
2.2 .1 .4  Power Supply 
The power supply  of t h e  space  c lock  was des igned  on a sub- 
c o n t r a c t  t o  Gulton I n d u s t r i e s .  It u s e s  an  i n p u t  c o u r s e  v o l t a g e  r e g u l a t o r  
of t h e  swi t ch ing  t y p e  fol lowed by a dc  t o  d c  c o n v e r t e r  and d i s s i p a t i v e  
r e g u l a t o r s  f o r  t h e  f o u r  r e g u l a t e d  ou tpu t  l i n e s .  O v e r a l l  e f f i c i e n c y  of 
t h e  supply  i s  approximate ly  64% which i s  r e a s o n a b l e  f o r  a supply  of t h i s  
t y p e  o p e r a t i n g  over  t h e  wide range  of i n p u t  v o l t a g e s  r e q u i r e d .  
One of t h e  problems i n  t h e  tempera ture  c o n t r o l  c i r c u i t s  i s  
to o b t a i n  w e l l  ba lanced  s i g n a l s  f o r  d r i v i n g  t h e  t h e r m i s t o r  b r i d g e s .  
AC b r i d g e s  are  used i n  o r d e r  t h a t  v e r y  s t a b l e  r e f e r e n c e  s i g n a l s  can b e  
ob ta ined  and s t a b l e  g a i n  of t h e  l o w  l e v e l  b r i d g e  ou tpu t  s i g n a l s  can be  
o b t a i n e d .  Taps on t h e  dc  t o  dc c o n v e r t e r  t r ans fo rmer  i n  t h e  power supply  
a re  used t o  supply  t h e  b r i d g e  v o l t a g e s  s i n c e  i n d u c t o r  d i v i s i o n  of t h i s  
t y p e  p rov ides  e x c e l l e n t  b r idge  r a t i o  s t a b i l i t y  over  wide r anges  of 
envi ronmenta l  and o p e r a t i n g  c o n d i t i o n s .  
2 . 2 . 2 .  T e s t  and C a l i b r a t i o n  U n i t  
There  were two major d e s i g n  problem a r e a s  i n  t h e  t e s t  and 
c a l i b r a t i o n  u n i t ;  1) t h o s e  a s s o c i a t e d  w i t h  s e p a r a t i n g  t h e  moni tor  and 
c o n t r o l  f u n c t i o n s  and mounting them i n  a s e p a r a t e  c h a s s i s ,  and 2) 
p r o v i d i n g  c l o c k  s e t t i n g  c i r c u i t s  which would c a l i b r a t e  t h e  c lock  t o  a 
t i m e  accu racy  commensurate wi th  i t s  i n h e r e n t  s t a b i l i t y  and accuracy .  
The d e s i g n  approach t aken  f o r  t h e  moni tor  and c o n t r o l  
c i r c u i t s  was t o  b u i l d  t h e  c lock  s o  t h a t  it ope ra t ed  i n  t h e  au tomat i c  
s can  and lock-up mode w i t h  n o  e x t e r n a l  c a b l e  connec t ions ,  b u t  s o  t h a t  
t h e  s e r v o  loop  can b e  broken and t h e  c r y s t a l  manually tuned by connec t -  
i n g  a mul t i -conductor  c a b l e  t o  t h e  t e s t  and c a l i b r a t i o n  u n i t ,  t hen  
swi t ch ing  t o  manual o p e r a t i o n .  
d e s i g n  f o r  t h e  feedback c o n t r o l  c i r c u i t s  and r e q u i r e d  t h a t  c e r t a i n  
s i g n a l  p o i n t s  w i t h i n  t h e  feedback c o n t r o l  c i r c u i t s  be brought  ou t  th rough 
t h e  mul t i -conductor  c a b l e  t o  t h e  t e s t  and c a l i b r a t i o n  u n i t .  It h a s  been 
Th i s  concept  r e q u i r e d  a new t y p e  of 
found t h a t  coupl ing  of modulat ion and demodulat ion s i g n a l s  between d i f f e r e n t  
l i n e s  i n  t h e  c a b l e  connec t ing  t h e  two u n i t s  causes  f requency  o f f s e t s  t o  
be c r e a t e d  w i t h i n  t h e  feedback c o n t r o l  c i r c u i t s  which can cause  f r equency  
s t e p s  when t h e  c a b l e  i s  connected o r  d i sconnec ted .  I n  t h e  breadboard  
u n i t  u s i n g  a c a b l e  4-1/2 f e e t  l ong ,  a f requency  s t e p  of 2 . 5 ~ 1 5  occur s  
when t h e  c a b l e  i s  d isconnec ted  a t  t h e  space  c lock  end, whereas d i s c o n n e c t i o n  
a t  t h e  o t h e r  end causes  a f requency  s t e p  of 8x10 . Again t h i s  i s  a 
problem where l a y o u t  and s h i e l d i n g  i s  s i g n i i i c a n t  and no  major  a t t empt  
h a s  been made t o  s o l v e  t h i s  problem i n  t h e  breadboard u n i t .  
second phase  of t h e  program a d d i t i o n a l  c o n s j d e r a t i o n  w i l l  be  g iven  t o  t h i s  
- 10 
-12  
I n  t h e  
problem and t h e  s o l u t i o n  will most l i k e l y  b e  t h e  u s e  of s h i e l d e d  c a b l e s  
or t h e  e l i m i n a t i o n  of some of t h e  moni tor  and c o n t r o l  f u n c t i o n s  i n  t h e  
t e s t  and c a l i b r a t i o n  u n i t .  In  e i t h e r  c a s e  an upper l i m i t  w i l l  most l i k e l y  
have  t o  be  p laced  on t h e  l eng th  of t h e  c a b l e  s e p a r a t i n g  t h e  two u n i t s  i n  
o r d e r  t o  p reven t  coup l ing  i n t e r a c t i o n s .  
It w a s  dec ided  t o  des ign  t h e  c l o c k  s e t t i n g  c i r c u i t s  s o  t h a t  
t h e  space  c lock  could  b e  t i m e  c a l i b r a t e d  w i t h  r e s p e c t  t o  a mas te r  c lock  
w i t h i n  $1 microsecond.  Time c a l i b r a t i o n  t o  b e t t e r  t han  1 microsecond 
r e q u i r e s  t h a t  t h e  p o i n t  i n  s p a c e  a t  which t h e  t i m e  c a l i b r a t i o n  i s  t o  b e  
c a r r i e d  ou t  i s  well d e f i n e d ,  s i n c e  1 niicrosecond cor responds  t o  a f r e e  
space  p ropaga t ion  d i s t a n c e  of approximate ly  1000 f e e t .  Thc t e s t  and 
c a l i b r a t i o n  u n i t  i s  used as t h e  p o i n t  i n  space  where t i m e  co inc idence  
i s  monitored.  The t i m e  co inc idence  c i r c u i t s  i n  t h e  t e s t  and c a l i b r a t i o n  
- 
u n i t  compare f a l l i n g  edges of t h e  1 Hz s i g n a l s  r e c e i v e d  from t h e  space  
c lock  and t h e  mas te r  c lock  a t  t h e  ends of t h e i r  r e s p e c t i v e  connec t ing  
cables,  and t h e  t i m e  c a l i b r a t i o n  of t h e  space  c lock  i s  performed s o  a s  
t o  b r i n g  t h e s e  two s i g n a l s  i n t o  t i m e  co inc idence  wi-thin 3-1 - microsecond 
w i t h i n  t h e  t e s t  and c a l i b r a t i o n  u n i t  c h a s s i s .  Delay times i n  t h e  space  
c l o c k  d i v i d e r  c h a i n  a r e  e l imina ted  by s e t t i n g  t h e  d i v i d e r  approximate ly  
3 microseconds ahead ,  and by p rov id ing  a cont inuous  f i n e  t u n i n g  ad jus tment  
hav ing  a range  of +0.5 microseconds w i t h  r e s p e c t  t o  t h e  3 microsecond t i m e  
advance.  T h i s  approach t o  the  t i m e  c a l i b r a t i o n  should  be  s u f f i c i e n t  f o r  
- 
a l l  s i t u a t i o n s  i n  which t h e  connec t ing  c a b l e s  do n o t  exceed a few hundred 
f e e t .  
2 . 3  R e s u l t s  achieved i n  t h e  breadboard  u n i t  
I n  t h e  c o u r s e  of  the  program a g r e a t  d e a l  of  expe r imen ta l  
d a t a  was t a k e n  on t h e  breadboard u n i t s .  I n  t h e  fo l lowing  s e c t i o n s  t h e  
r e s u l t s  ach ieved  i n  t h e  f i n a l  d e l i v e r e d  u n i t  a r e  summarized. 
2 . 3 . 1  Frequency S t a b i l i t y  
Shor t  term frequency s t a b i l i t y  w a s  measured f o r  ave rag ing  
t i m e s  r ang ing  from 1 m i l l i s e c o n d  t o  100 seconds  and f o r  d i f f e r e n t  
envi ronmenta l  t empera tu re  c o n d i t i o n s .  The r e s u l t s  of t h e s e  measurements 
are shown i n  F igu re  8. 
h e a t e r  d e s i g n  a t  ambient tempera tures  of  25 C and 7 1  C are shown i n  
F i g u r e  8a. 
i n v e r s e l y  w i t h  t h e  ave rag ing  t i m e  i n  t h e  r e g i o n  from 10 t o  100 m i l l i -  
Measurements made on t h e  f i r s t  o p t i c a l  package 
0 0 
0 The 25 C measurements show t h e  s h o r t  term s t a b i l i t y  v a r y i n g  
seconds and i n v e r s e l y  w i t h  the  squa re  r o o t  of t h e  ave rag ing  t i m e  f o r  
t i m e s  g r e a t e r  t han  1 second as  i s  t h e o r e t i c a l l y  expec ted .  
from t h i s  cu rve  t h a t  bo th  t h e  c r y s t a l  o s c i l l a t o r  n o i s e  and t h e  n o i s e  
from t h e  o p t i c a l  package a r e  too  l a r g e  t o  ach ieve  5 X f o r  a 1 
second ave rag ing  t imes .  A s  t h e  t empera ture  i s  ra i - sed  t h e  t empera tu re  
of  t h e  p h o t o c e l l  i n  t h i s  h e a t e r  d e s i g n  i n c r e a s e s ,  g i v i n g  poor  s i g n a l -  
t o - n o i s e  r a t i o  and degrad ing  the  s h o r t  term s t a b i l i t y  a s  shown by t h e  
7 1  C measurements.  
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Measurements t aken  w i t h  t h e  second o p t i c a l  package h e a t e r  
d e s i g n  a r e  shown i n  F i g u r e  8b .  I n  t h i s  d e s i g n ,  t h e  p h o t o c e l l  o p e r a t e s  
a t  80 C as c o n t r a s t e d  t o  p h o t o c e l l  t empera tu re  of 56 - 75 C w i t h  t h e  
f i r s t  h e a t e r  d e s i g n .  A s  expected,  t h e  s h o r t  t e r m  s t a b i l i t y  i s  worse  
due t o  t h e  h i g h e r  p h o t o c e l l  ope ra t ing  t empera tu re .  The s h o r t  t e r m  
s t a b i l i t y  i n  t h i s  d e s i g n  i s  very comparable t o  t h a t  ob ta ined  a t  a 7 1  C 
ambient tempera ture  i n  t h e  prev ious  d e s i g n  and t h e  s t a b i l i t y  i s  much 
more c o n s t a n t  w i t h  r l u c t u a t i o n s  i n  t h e  envi ronmenta l  t empera ture  because  
of t h e  much t i g h t e r  c o n t r o l  of p h o t o c e l l  t empera tu re .  
0 0 
0 
V a r i a t i o n s  of t h e  frequency of t h e  s t a n d a r d  w i t h  t empera tu re  
a t  c o n s t a n t  power supply  vo l t age  of 28v i s  shown i n  F i g u r e  9 .  With 
t h e  f i r s t  o p t i c a l  package des ign  t h e  f requency  s t anda rd  had a f r equency  
-11 0 
change r a t e  of -2x10 
f requency  d e v i a t i o n  over  t h e  -34 t o  C71 C t empera tu re  range  of approx i -  
ma te ly  1.6x10-'. 
change r a t e  of - 0 . 6 ~ 1 0  p e r  deg ree  Cen t ig rade  a t  25  C was ob ta ined .  
T o t a l  f requency  v a r i a t i o n  wi th  t h i s  d e s i g n  i s  n o t  known o u t s i d e  of t h e  
0 t o  45 C r e g i o n  s i n c e  t h e  u n i t  b roke  l o c k  due  t o  d e c l i n i n g  m u l t i p l i e r  
power b e f o r e  r e a c h i n g  6 1  C ,  and measurements were n o t  made a t  - 3 4 O C  
due  t o  t h e  t i g h t  s h i p p i n g  schedule .  
p e r  degree  Cen t ig rade  a t  25 C ,  w i t h  a t o t a l  
0 







The v a r i a t i o n  of t h e  frequency of t h e  s t a n d a r d  w i t h  power supp ly  
v o l t a g e  a t  a c o n s t a n t  t empera tu re  of 25 C.is shown i n  F i g u r e  10. 
With t h e  f i r s t  o p t i c a l  package d e s i g n  t h e  frequency v a r i e d  approx i -  
m a t e l y  2.6~10 over  t h e  24 t o  3 7  v o l t  r ange .  T h i s  was due 
p r i m a r i l y  t o  v a r i a t i o n  i n  t h e  t e m p e r a t u r e  of t h e  f i l t e r  c e l l ,  
s i n c e  t h e  f i l t e r  c e l l  h e a t e r  was run  d i r e c t l y  from t h e  2 4  t o  
3 7  v o l t  supply.  
w i t h  v o l t a g e  was 5 . 5 ~ 1 0  , the  improvement be ing  due t o  t h e  f a c t  
t h a t  t h e  f i l t e r  c e l l  h e a t e r  i s  run  from a r e g u l a t e d  6v supply.  
0 
- 10 
I n  t h e  second o p t i c a l  package d e s i g n  t h e  v a r i a t i o n  
- 11 
Long t e r m  s t a b i l i t y  measurements were n o t  made on t h e  
s t a n d a r d .  The c a p a b i l i t i e s  of t h i s  rubidium system t o  a c h i e v e  
good long t e r m  s t a b i l i t y  a t  t h e  h i g h  i n t e r n a l  o p e r a t i n g  t empera tu res  
i s  t o  be  e s t a b l i s h e d  by measurements made a t  NASA w i t h  r e s p e c t  























2.3.2 Power Consumption 
The power consumption of t h e  e n t i r e  space  c l o c k  as a f u n c t i o n  ' 
of  tempera ture  a t  c o n s t a n t  i n p u t  v o l t a g e  of 28V which i s  shown i n  F igu re  11. 
The r e l a t i v e l y  l a r g e  v a r i a t i o n  wi th  t empera tu re  i s  caused  by t h e  l a r g e  
amount of power r e q u i r e d  f o r  t h e  ovens. The v a r i a t i o n  w i t h  tempera ture  
was approximate ly  0.14W p e r  degree  c e n t i g r a d e  w i t h  t h e  f i r s t  o p t i c a l  
package des ign  and 0 .20  f o r  t h e  second d e s i g n .  Redesign of t h e  o p t i c a l  
package i n c r e a s e d  power consumption by t h r e e  w a t t s  from 2 1  t o  24 w a t t s  
a t  25°C c e n t i g r a d e .  Average i n p u t  power r e q u i r e d  f o r  a l l  t h e  c i r c u i t s  
exc lud ing  t h e  ovens b u t  i n c l u d i n g  the  oven c o n t r o l l e r s  i s  on t h e  o r d e r  
of 9.8W. Power consumption as a func t ion  of i n p u t  v o l t a g e  f o r  a c o n s t a n t  
t empera tu re  of 25°C i s  shown i n  F igure  1 2 .  It can  be  seen  t h a t  t h e  v a r i -  
a t i o n  w i t h  i n p u t  v o l t a g e  p a r t i c u l a r l y  w i t h  t h e  second o p t i c a l  package 
i s  r a t h e r  sma l l  i n d i c a t i n g  t h a t  the e f f i c i e n c y  of t h e  power supply  and 
t h e  ovens i s  q u i t e  c o n s t a n t  w i t h  i n p u t  v o l t a g e .  
Power consumption f o r  the v a r i o u s  p a r t s  of t h e  space c l o c k  
i s  summarized i n  Tables  1 through 3 .  
2.3 .3  P a r t s  Count 
The number and ca t egory  of e l e c t r o n i c  p a r t s  r e q u i r e d  f o r  t h e  
space  c l o c k  i s  s u m r i z e d  i n  Table 4 .  This  t a b l e  does no t  i n c l u d e  p a r t s  
i n  t h e  h i g h  frequency m u l t i p l i e r ,  t h e  c r y s t a l  o s c i l l a t o r ,  o r  t h e  power 
supp ly  modules, s i n c e  t h i s  i n fo rma t ion  v a s  no t  o b t a i n e d  from t h e  vendors 
of t h e s e  u n i t s .  
. 
I .  




I I I I 1 I I 1 I 
I I I I 1 %  
TABLE I 
ELECTRONIC C I R C U I T S  POWER CONSUMPTION 
20v S u p p l y  
Servo Ampl i f ie r  
Curren t  
15mA 
C r y s t a l  Osc. and Temperature 
C o n t r o l l e r  2845 
Modulation Generator 5 
M u l t i p l i e r  (4.096-20.48NHz) 7.5 
M u l t i p l i e r  (20.48-6834.688NHz) 40 
Syn thes i ze r  14.848MHz 24 
S y n t h 2 s i z e r 1 0 0 W z  26 
F i e l d  Bias 10 
Temperature C o n t r o l l e r s :  
Cavity 
Tip-of f  
F i l t e r  C e l l  
Lamp 
12v Supply 
Lamp O s c i l l a t o r  
5V Supply - Low Power 
Div ider  16.384-4.096M-1~ 
Divider  4.096-0.512MHz 
Output Buf fe r s  4.096-0.512MHz 
Lamp O s c i l l a t o r  Bias 
. 2.6  
























1 4 2 m A  0.71W 
TABLE I - Continued 
' 5 V  Supply - High Power 
60mA 0.300W Divider  and T ime  Code Generator  
D i g i t a l  par t  of loOKHz Syn thes i ze r  1.4 . 0.007 
Output B u f f e r s  loOKHz - 1Rz 40 0.200 
Output Euf  f e r s O . l  sec-200d, 
IRIGB&E 2 04 1.020 
305.4mA 1.527W 
T o t a l  E l e c t r o n i c s  Power 
T o t a l  i n p u t  powes f o r  e l e c t r o n i c s  






-34°C +2 5°C +Gl"C 
Cavity 1 .12w 1 . O G W  1 1.05W 
I 
I 2.15W Tipoff 16.6W I 1 7 . 5 w  
Filter 0. 81W 1 0. 8W I i 0 . 79w 
! 






Lamp 4.1GW I  2.9W 1 , 2.0557 
I i 
Oscil la tor  2.6W 1.GW 1 0. 82ii' 
I --- 
Total  Oven 
Po we r 25. 29117 13. 8GIV 6. 8GW 
TABLE 3 
TOTAL INPUT POWER 
-34°C +2 5°C +Gl"C ' - 





I Electronics  
I npu t Po we r 9. 8W I 9. 8W I , 9.8W 
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3 .  RECOMMENDATIONS FOR D E V E L O P N E N T  WORK I N  PART I1 
The measured r e s u l t s  shown i n  S e c t i o n  2 . 3  i n d i c a t e  t h a t  t h e  
performance o f  t h e  breadboard i s  i n  many r e s p e c t s  n o t  a s  good a s  t h a t  
d e s i r e d  i n  f i n a l  f l i g h t  hardware. Consequent ly ,  i n  a d d i t i o n  t o  s m a l l  
packaging o f  t h e s e  u n i t s ,  a d d i t i o n a l  development work needs t o  be  
c a r r i e d  ou t  i n  P a r t  I1 o f  t h e  c o n t r a c t .  I n  t h e  fo l lowing  s e c t i o n s  
we d e f i n e d  t h e  d e s i g n  changes which now appear  d e s i r a b l e  t o  make. 
3.1 D E S I G N  CHANGES TO BE PERFOPDIED 
Most of  t h e  fo l lowing  proposed d e s i g n  changes a r e  in tended  
as improvements t o  t h e  performance ob ta ined  i n  t h e  breadboard.  However, 
some of  t h e  changes a r e  made necessary  by changes j.n t h e  t e c h n i c a l  
s p e c i f i c a t i o n s  r e q u e s t e d  by NASA. 
3.1.1 O p t i c a l  Package 
A d d i t i o n a l  des ign  work i s  necessa ry  on t h e  o p t i c a l  
package t o  improve t h e  s h o r t  t e r m  s t a b i l i t y ,  t o  r educe  t h e  t empera tu re  
s e n s i t i v i t y  and t o  r educe  t h e  power consumption. A new mechanical  and 
thermal  d e s i g n  o f  t h e  o p t i c a l  package must be c a r r i e d  ou t  which w i l l  
u t i l i z e  t h e  most r e c e n t  thermal  in fo rma t ion  acqu i red .  Th i s  d e s i g n  
should  use  t h e  i n n e r  magnet ic  s h i e l d  a s  a n  o u t e r  oven s i n c e  t h i s  was 
found t o  s i g n i f i c a n t l y  improve t h e  tempera ture  s e n s i t i v i t y .  It is  
recommended t h a t  t h e  p h o t o c e l l  be moved from i t s  p r e s e n t  p o s i t i o n  on 
t h e  c a v i t y  and mounted on t h e  o u t e r  oven i n  o r d e r  t o  r educe  t h e  t empera tu re  
and improve t h e  s h o r t  term s t a b i l i t y .  
I n  t h e  p r e s e n t  des ign  t h e  l i g h t  l e v e l  i s  w e l l  below 
t h e  l e v e l  r e q u i r e d  f o r  optimum broadening. It i s  b e l i e v e d  t h a t  t h i s  
i s  n o t  due t o  t h e  low power l e v e l  a t  which t h e  l a m p  r u n s ,  s i n c e  s u f f i c i e n t  
l i g h t  was ob ta ined  i n  i n i t i a l  tests u s i n g  101.7 power lamps i n  t h e  R-20 .  
The problem appea r s  t o  b e  r e f l e c t i o n  and t r a n s m i s s i o n  losses i n  t h e  
r a t h e r  complicated o p t i c a l  s t r u c t u r e  which was used tQ b r i n g  t h e  l i g h t  
th rough t h e  t r i p l e  magnetic s h i e l d .  In P a r t  11, s t u d i e s  need t o  be made 
of t h e  f e a s i b i l i t y  of moving the  lamp i n s i d e  t h e  innermost s h i e l d  and 
s e p a r a t i n g  t h e  lamp from t h e  lamp o s c i l l a t o r  w i t h  t h e  l a t t e r  mounted 
o u t s i d e  one or more s h i e l d s .  With t h i s  des ign  t h e  l i g h t  p i p e  can b e  
e l i m i n a t e d ,  which will i n c r e a s e  l i g h t  l e v e l  and improve s h o r t  t e r m  
s t a b i l i t y  by a f a c t o r  of two. A d d i t i o n a l  improvements may be  made 
by e l i m i n a t i n g  t h e  microwave w a l l  between t h e  f i l t e r  and r e f e r e n c e  
cells and by u s i n g  a d i f f e r e n t  lamp bu lb  d e s i g n .  I f  t h e  above change i n  
o p t i c a l  and thermal  d e s i g n  a r e  s u c c e s s f u l ,  t h i s  should  l ead  t o  a sma l l e r  
and l i g h t e r  o p t i c a l  package and less  power consumption. 
A d i f f e r e n t  philosophy of minimizing t h e  p r e s s u r e  
s e n s i t i v i t y  of t h e  s t anda rd  now appea r s  t o  be f e a s i b l e .  I n  t h e  p r e s e n t  
d e s i g n ,  t h e  o p t i c a l  package was h e r m e t i c a l l y  s e a l e d  t o  p r o t e c t  i t  from 
t h e  environment,  t h e  i n s i d e  was f i l l e d  wi th  a i r  a t  a tmospher ic  p r e s s u r e ,  
and a double  walled r e f e r e n c e  c e l l  was used t o  p r o t e c t  t h e  c e l l  from 
p r e s s u r e  v a r i a t i o n  caused by ambient t empera tu re  v a r i a t i o n s .  The 
problem encountered  i n  t h i s  des ign  was t h a t  t h e  l a r g e  amount of g l a s s  
i n  t h e  microwave c a v i t y  s i g n i f i c a n t l y  reduced t h e  c a v i t y  Q and n o t  enough 
m u l t i p l i e r  power was a v a i l a b l e  t o  d r i v e  t h e  c a v i t y  a t  i t s  optimum 
l e v e l .  It now appears  t h a t  a b e t t e r  des ign  phi losophy would be t o  
u s e  a s i n g l e  wal led r e f e r e n c e  c e l l  i n  o rde r  t o  o b t a i n  h ighe r  Q and 
t h u s  more microwave d r i v e  and h i g h e r  ou tpu t  s i g n a l  l e v e l s ,  which w i l l  
improve s h o r t  term s t a b i l i t y .  The p r e s s u r e  s e n s i t i v i t y  would be  
minimized by f i l l i n g  t h e  o p t i c a l  package wi th  approximately one - t en th  
of  a n  atmosphere of  d r y  n i t r o g e n  and s e a l i n g  thi .s  u n i t .  No s i g n i f i c a n t  
p r e s s u r e  change due t o  ou t -gass ing  w i l l  be encountered wi th  t h i s  l a r g e  
an i n t e r n a l  p r e s s u r e ,  y e t  i n t e r n a l  p r e s s u r e  i s  low enough t o  prevent  
tempera ture  v a r i a t i o n s  from caus ing  s i g n i f i c a n t  f requency changes.  
3 . 1 . 2  Power Supply Redesign 
A change i n  t h e  power supply phi losophy i s  necessa ry  
t o  accommodate a number o f  changes i n  e l e c t r i c a l  s p e c i f i c a t i o n s  r eques t ed  
by NASA between p a r t  I and p a r t  11. These changes a r e :  
1) D.C.  i s o l a t i o n  between t h e  inpu t  power and t h e  
ou tpu t  s i g n a l s  
2)  Opera t ion  d o m  t o  22V i n s t e a d  of 24V 
3)  A r e s t r i c t i o n  on t h e  maximum c u r r e n t  feedback 
r i p p l e  i n  t h e  power supply l i n e s  
4 )  S p e c i f i c a t i o n  t h a t  t h e  u n i t  s h a l l  o p e r a t e  w i t h i n  
s p e c i f i c a t i o n s  r a t h e r  than  s u r v i v e  inpu t  vc) l t a g e  t r a n s i e n t s  on t h e  power 
supply  l i n e .  
5) 
of 4V p-p squa re  wave. 
Addi t ion  of  an  i n p u t  v o l t a g e  r i p p l e  s p e c i f i c a t i o n  
6)  Addi t ion  of s h o r t  c i r c u i t  p r o t e c t i o n  on a l l  o f  
t h e  o u t p u t  s i g n a l  l i n e s .  
. .  
I n  t h e  p r e s e n t  power s u p p l y  des ign  shown i n  F i g u r e  
2 ,  h e a t e r  power i s  drawn d i r e c t l y  from t h e  i n p u t  power l i n e s .  T h i s  
r e q u i r e s  t h a t  t h e  h e a t e r s  have a common ground wi th  t h e  2OV r e g u l a t e d  
supply  from which t h e  h e a t e r  c o n t r o l l e r s  o p e r a t e .  T h i s  supply  m u s t  
i n  t u r n  have a common ground wi th  t h e  5 V  s u p p l i e s  from which t h e  
o u t p u t  a m p l i f i e r s  o p e r a t e  because of t h e  AC s i g n a l  coup l ing  between 
t h e  c r y s t a l  o s c i l l a t o r ,  which r u n s  on 2 0 V ,  and t h e  d i v i d e r  c h a i n ,  
which r u n s  on 5 V .  
. I n  a d d i t i o n ,  t h e  c a s e  must be connected 
t o  t h e  n e g a t i v e  s i d e  of t h e  2 0  and 5 V  s u p p l i e s  s i n c e  i t  forms s h i e l d i n g  
f o r  some of the h i g h  frequency c i r c u i t s .  . Thus, no D . C .  i s o l a t i o n  
e x i s t s  between t h e  i n p u t  power, t h e  r e g u l a t e d  D.C.  l i n e s ,  t h e  o u t p u t  
s i g n a l s ,  o r  t h e  c a s e .  T h i s  des ign  approach was chosen i n  o r d e r  t o  
minimize power consumption, s i n c e  t h e  h e a t e r  power i s  drawn d i r e c t l y  
from t h e  i n p u t  l i n e  and does not have t o  undergo t h e  i - n e f f i c i e n c y  o f  
a c o n v e r t e r ,  
A block  diagram o f  t h e  proposed power supply  c o n f i g u r a t i o n  
i s  shown i n  F i g u r e  13. I n  t h i s  d e s i g n ,  D.C. i n p u t  power i s  p r e - r e g u l a t e d  
by a r i p p l e  r e g u l a t o r  which a l s o  p rov ides  r e v e r s e  p o l a r i t y  p r o t e c t i o n .  
The o u t p u t  of t h e  p r e - r e g u l a t o r  a t  approxim?te ly  1 8 V  D . C .  d r i v e s  a 
D.C. t o  D.C .  c o n v e r t e r  o s c i l l a t o r .  A l l  power f o r  t h e  c l o c k  i s  coupled 
through t h e  o s c i l l a t o r  t r ans fo rmer  which p rov ides  D.C .  i s o l a t i o n  between 
t h e  i n p u t  power l i n e s  and a l l  o t h e r  p a r t s  o f  t h e  c lock .  D i s s i p a t i v e  
r e g u l a t o r s  supply  ou tpu t  D.C.  v o l t a g e s  of  20, 1 2 ,  6 and 5 V .  The 6V 





































c i r c u i t  p r o t e c t i o n  t o  b e  e s t a b l i s h e d  f o r  a l l  o f  t h e  5V p-p d i g i t a l  
ou tpu t  l i n e s .  A .C .  o u t p u t s  t o  the t empera tu re  c o n t r o l l e r  b r i d g e s  
w i l l  be  s u p p l i e d  a s  i n  t h e  p r e s e n t  power supp ly .  The present low 
power 6V supp ly  which i s  used f o r  t h e  f i l t e r  c e l l  h e a t e r  i s  r e p l a c e d  
by a 28V supply which p rov ides  power f o r  a l l  of t h e  h e a t e r s  i n  t h e  
c lock .  T h i s  d e s i g n  r e q u i r e s  t h a t  t h e  D.C.  t o  D.C .  c o n v e r t e r  be  a 
s u b s t a n t i a l l y  h ighe r  power u n i t  t h a n  i n  t h e  p r e s e n t  d e s i g n ,  and i t  
a l s o  means t h a t  t he  h e a t e r  power e n c o u n t e r s  t h e  i n e f f i c i e n c i e s  o f  
t h e  r i p p l e  r e g u l a t o r ,  t h e  D.C. t o  D . C .  c o n v e r t e r ,  and t h e  r e c t i f i e r  
f i l t e r  combinat ion,  f o r  an o v e r a l l  e f f i c i e n c y  o f  approx ima te ly  72%. 
T h i s  i n c r e a s e s  t h e  t o t a l  i npu t  power s u b s t a n t i a l . l y .  A low p a s s  f i l t e r  
i s  used i n  series w i t h  t h e  duty c y c l e  h e a t e r s  i n  o r d e r  t o  p reven t  
t h e  l a r g e  c u r r e n t  p u l s e s  from a f f e c t i n g  t h e  c r y s t a l  o s c i l l a t o r  h e a t e r ,  
which i s  t a k e n  o f f  ahead o f  t h e  low p a s s  f i l t e r ,  and a l s o  from a f f e c t i n g  
t h e  o t h e r  o u t p u t s  t a k e n  from t h e  D.C.  t o  D.C.  c o n v e r t e r  t r a n s f o r m e r .  
T h i s  d e s i g n  e l i m i n a t e s  t h e  l a r g e  c u r r e n t  p u l s e s  t a k e n  from t h e  i n p u t  
power sup p l y  l i n e  and enab le s  t h e  inpu t  c u r r e n t  r i p p l e  s p e c i f i c a t i o n  
t o  be  m e t .  It a l s o  s o l v e s  the  problem o f  i n p u t  v o l t a g e  t r a n s i e n t s  
and s q u a r e  wave i n p u t  v o l t a g e  r i p p l e  from a f f e c t i n g  t h e  power supp ly  
o u t p u t s .  A l l  o u t p u t s  from the  D.C .  t o  D.C. c o n v e r t e r  have common 
ground connec t ions  which a r e  i d e n t i c a l  t o  t h e  c a s e  ground. 
o f  t h i s  common ground arrangement ,  i t  m y  b e  d e s i r a b l e  t o  u s e  a s i n g l e  
Zener r e f e r e n c e  f o r  a l l  r e g u l a t o r s  and f o r  t h e  f i e l d  b i a s  c o n t r o l  
Because 
c i r c u i t  i n  o r d e r  t o  minimize power consumption. T h i s  Zener could 
be mounted i n  t h e  c r y s t a l  o s c i l l a t o r  i n  o r d e r  t o  o b t a i n  b e t t e r  
I .  
t empera ture  c o n t r o l  and t h e r e f o r e  b e t t e r  v o l t a g e  s t a b i l i t y  over  t h e  
environment a 1  tempera ture  range.  
3 . 1 . 3  Other  C i r c u i t  Redesign 
A d i f f e r e n t  c r y s t a l  o s c i l l a t o r  should  be e v a l u a t e d  i n  
P a r t  11. 
can  be s i g n i f i c a n t l y  improved and t h e  s i z e  and power consumption may be  
somewhat reduced .  I n  a d d i t i o n ,  t h e  Zener r e f e r e n c e  may b e  i n c o r p o r a t e d  
i n s i d e  a s  i n d i c a t e d  above. ' I t  may a l s o  be p o s s i b l e  t o  use  a s i n g l e  
o u t p u t  a m p l i f i e s  t o  d r i v e  both t h e  d i v i d e r  and t h e  s y n t h e s i z e r  and 
t h u s  o b t a i n  a more e f f i c i e n t  c i r c u i t .  
It i s  b e l i e v e d  t h a t  t h e  s h o r t  t e r m  s t a b i l i t y  o f  t h e  o s c i l l a t o r  
More work needs t o  be done on t h e  m u l t i p l i e r  t o  
minimize i t s  power v a r i a t i o n  wi th  temperdture .  With t h e  p r e s e n t  d e s i g n  
adequa te  perfonmance a p p e a r s  p o s s i b l e  based on.measurements taken  on 
s i m i l a r  u n i t s ,  however, t h i s  performance h a s  n o t  been achieved  i n  
t h e  u n i t s  used i n  t h e  breadboard c locks .  
Layout and plug connec t ion  phi losophy needs t o  be  
e v a l u a t e d  i n  o r d e r  t o  minimize t h e  frequency s t e p s  t h a t  a r e  caused 
by d i s c o n n e c t i n g  t h e  monitor  and c o n t r o l  c a b l e  from t h e  t e s t  and 
c a l i b r a t i o n  u n i t .  
The p o s s i b i l i t y  o f  e l i m i n a t i n g  t h e  c o n t r o l l e r  f o r  
t h e  c a v i t y  h e a t e r  and supply ing  t h i s  h e a t e r  w i th  a f i x e d  amount o f  power 
w i l l  be  i n v e s t i g a t e d .  T h i s  would s i m p l i f y  t h e  c i r c u i t r y  and s l i g h t l y  
improve t h e  power consumption. 
The d i g i t a l  c i r c u i t s  r e q u i r e  a s m a l l  amount of r e - d e s i g n  
t o  e n a b l e  t h e  c l o c k  t o  reset  a t  365  o r  366 day i n t e r v a l s  as r e q u e s t e d  
by NASA. I n  a d d i t i o n ,  t h e  low frequency d i g i t a l  c i r c u i t s  and t h e i r  
o u t p u t  a m p l i f i e r  w i l l  be  r u n  from t h e  6V supp ly  i n  o r d e r  t o  o b t a i n  s h o r t  
c i r c u i t  p r o t e c t i o n  on t h e s e  o u t p u t s .  C a r e f u l  grouping of t h e  d i g i t a l  
c i r c u i t s  i s  t o  be  c a r r i e d  o u t  t o  o b t a i n  optimum packaging d e n s i t y  and 
min imiza t ion  of c r o s s  t a l k  between l i n e s .  Dual f l i p - f l o p s  are t o  b e  
used  i n  p l a c e  of t h e  p r e s e n t  s i n g l e  f l i p - f l o p s ,  and t h i s  w i l l  s i g n i f i -  
c a n t l y  improve t h e  p a r t s  count  and packaging d e n s i t y .  
3.1.4 Mechanical Design and Packaging 
A major p o r t i o n  o f  t h e  work i n  P a r t  I1 i s  t h a t  of  packaging 
the space c l o c k .  It i s  a n t i c i p a t e d  t h a t  Cannon Chico-pac modules c a n  
be used f o r  h i g h  d e n s i t y  packaging of the d i g i t a l  c i r c u i t s ,  and t h i s  
c o n s t r u c t i o n  may b e  extended t o  t h e  ana log  c i r c u i t s .  The o v e r a l l  
package i s  t o  be h e r m e t i c a l l y  s e a l e d  t o  p r o t e c t  i t  from t h e  v a r i o u s  
environment c o n d i t i o n s  and i s  t o  i n c o r p o r a t e  r f i  b a r r i e r s .  The l a t t e r  
p r e s e n t s  a problem because  o f  t h e  l a r g e  number of o u t p u t  l i n e s ,  a l l  o f  
which would r e q u i r e  r f i  f i l t e r i n g  i f  t h e  r f i  b a r r i e r  encompasses t h e  
whole c lock .  These f i l t e r s  s i g n i f i c a n t l y  c o n t r i b u t e  t o  t h e  s i z e  and 
we igh t  of t h e  u n i t .  A t  p r e s e n t  i t  i s  proposed t o  have t h e  e n t i r e  f r e -  
quency s t a n d a r d  p o r t i o n  i n s i d e  t h e  r f i  b a r r i e r  and i n c l u d e  t h e  d i v i d e r  
c h a i n  and ou tpu t  a m p l i f i e r s  down t o  t h e  1 K c  p o i n t .  The lower frequency 
c i r c u i t s  and ou tpu t  a m p l i f i e r s  would t h e r e f o r e  b e  o u t s i d e  t h e  r f i  
b a r r i e r .  
3 . 2  Recommended Revis ion  of S p e c i f i c a t i o n s  
The work on p a r t  I of t h e  c o n t r a c t  h a s  i n d i c a t e d  t h a t  
t h e r e  a r e  some a r e a s  i n  which the  p r e s e n t  s p e c i f i c a t i o n s  w i l l  n o t  
adequa te ly  d e s c r i b e  t h e  performance of t h e  u n i t ,  and o t h e r  a r e a s  i n  
which t h e  combination of d e s i r e d  d i f f i c u l t  s p e c i f i c a t i o n s  cannot  be 
s imul t aneous ly  achieved.  Recommendations f o r  r e v i s i o n s  i n  t h e  s p e c i -  
f i c a t i o n s  which t a k e  i n t o  account t h e  p r e s e n t  s t a t e  of t h e  a r t  as 
de termined  by t h e  work performed on p a r t  I of t h e  c o n t r a c t ,  a r e  
p r e s e n t e d  below. I n  a d d i t i o n ,  recommendations f o r  maximum c o n t r a c t -  
u a l  s p e c i f i c a t i o n s  i n  a r e a s  which were p r e v i o u s l y  de f ined  on ly  by 
d e s i g n  g o a l s  a r e  made. 
3 . 2 . 1  Long Term S t a b i l i t y  
The p r e s e n t  long term s t a b i l i t y  s p e c i f i c a t i o n  i s  w r i t t e n  
i n  such a manner t h a t  i t  inc ludes  f requency  changes due t o  ambient 
t empera tu re  c y c l i n g .  Since v a r i a t i o n s  of f requency  over t h e  t o t a l  
envi ronmenta l  t empera ture  range a r e  expec ted  t o  be  t h e  same o r d e r  of 
magni tude as t h e  f requency  change a t  c o n s t a n t  tempera ture  over  a p e r i o d  
o f  one y e a r ,  t h e  i n t e r t w i n i n g  of t h e s e  two s p e c i f i c a t i o n s  does no t  
g i v e  a r easonab le  S p e c i f i c a t i o n  on e i t h e r  one.  S e p a r a t e  s p e c i f i c a t i o n s  
w i l l  p rov ide  a b e t t e r  unde r s t and ing  of t h e  performance c h a r a c t e r i s t i c s  
of  t h e  s t a n d a r d  f o r  systems a n a l y s i s ,  and w i l l  b e  i n  accordance  w i t h  
c u r r e n t  p r a c t i c e  i n  s p e c i f y i n g  commercial atomic and c r y s t a l  s t a n d a r d s .  
W e  recommend t h a t  t h e  l o n g  term s t a b i l i t y  s p e c i f i c a t i o n  remain a s  
11 w r i t t e n  i n  t h e  c o n t r a c t  a s  5 X 10 rnis v a r i a t i o n  i n  t h e  d a i l y  average  
f r e q u e n c i e s  t aken  over a p e r i o d  of  one y e a r .  . W e  p ropose  a new s p e c i -  
b 
I 
. .  
f i c a t i o n  d e f i n i n g  t h e  maximum change i n  f requency  ove r  t h e  env i ron -  
men ta l  t empera ture  r ange  o f  1 X 10 maximum. This  l a t t e r  s p e c i -  
f i c a t i o n  h a s  no t  been achieved  i n  t h e  breadboard  u n i t  b u t  appea r s  
t o  be  a r easonab le  maximum l i m i t  f o l lowing  f u r t h e r  development work. 
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3 .2 .2  Shor t  Term S t a b i l i t y  
A s  expres sed  i n  s e c t i o n s  2 . 2  and 2 . 3  above, major  problems 
were encountered  i n  a t t empt ing  t o  o p e r a t e  t h e  o p t i c a l  package a t  
h igh  i n t e r n a l  tempera tures  wi thou t  degrading  t h e  s h o r t  t e r m  s t a b i l i t y .  
The p r e s e n t  c o n t r a c t  s p e c i E i c a t i o n  c a l l s  f o r  a n  improved s h o r t  t e r m  
s t a b i l i t y  of  approximate ly  a f a c t o r  of 2 ove r  t h e  e x i s t i n g  s t a t e - o f -  
t h e - a r t  i n  p r e s e n t  commercial  rubidium s t a n d a r d s .  It  has  become c l e a  
t h a t  an  improvement i n  s h o r t  term s t a b i l i t y  i n  combinat ion w i t h  h i g h e r  
ambient  o p e r a t i n g  tempera tures  i s  beyond t h e  p r e s e n t  s t a t e - o f -  t h e L a r t ,  
and i t  i s  proposed t h a t  t h e  s h o r t  term s t a b i l i t y  s p e c i f i c a t i o n  be 
r e v i s e d  t o  3 X 10 rms f o r  one second ave rag ing  t imes.  Again,  t h i s  
level  i s  n o t  achieved  i n  t h e  breadboard u n i t ,  b u t  appears  t o  b e  a 
r e a s o n a b l e  maximum l i m i t  b a s e d  on several  a r e a s  i n  which improvements 
c a n  b e  mad& i n  p a r t  I1 of t h e  c o n t r a c t .  
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3 . 2 . 3  S i z e ,  Weight and Power Consumption 
S p e c i f i c a t i o n s  on s i z e ,  weight  and power consumption a s  
t h e y  p r e s e n t l y  ex is t  a r e  a l l  t a r g e t  s p e c i f i c a t i o n s .  For system d e s i g n  
i t  i s  impor tan t  t o  have maximum l i m i t s  i n  a l l  t h r e e  of  t h e s e  a r e a s .  
. 
The work on t h e  breadboard  u n i t  h a s  shown t h a t  t h e  o p t i c a l  package w i l l  
be  t h e  l a r g e s t  c o n t r i b u t e r  t o  a l l  t h r e e  o f  t h e s e  s p e c i f i c a t i o n s .  I t  
i s  a l s o  c lear  t h a t  i n  des ign ing  t h e  o p t i c a l  package f o r  t h e  d i f f i c u l t  
comb i n a  t i o n  o f char  ac  t er i s  t i c  s , p a r t  i cu l a r  l y  minimum p owe r cons  ump t i o n ,  
t i g h t  i n t e r n a l  tempera ture  c o n t r o l ,  and i n s e n s i t i v i t y  t o  shock and 
v i b r a t i o n ,  t h e  u n i t  must be  l a r g e r ,  h e a v i e r ,  and consume more power 
t h a n  had o r i g i n a l l y  been thought p o s s i b l e .  Consequent ly  w e  p ropose  
a s  maximum s p e c i f i c a t i o n s  f o r  t h e  space  c l o c k ,  a weight  o f  25 l b s . ,  
a volume of 600 cub ic  i n c h e s ,  and a power consumption of 30 watts 
above 75OF and 42 watts f r o m  -30'F t o  +75OF. 
are maximum l i m i t s  o n l y ,  and t y p i c a l  performance w i l l  b e  b e t t e r  t h a n  
t h e s e  l imits .  
These s p e c i f i c a t i o n s  
4.0 CONCLUSION 
A g r e a t  d e a l  h a s  been accomplished i n  p a r t  I of t h e  program i n  
de t e rmin ing  and advancing t h e  s t a t e - o f - t h e - a r t  i n  rubidium f requency  
s t a n d a r d s  des igned  f o r  t h e  combinat ion of  h i g h  tempera ture  o p e r a t i o n ,  
wide tempera ture  range ,  m i n i a t u r i z a t i o n ,  and rugged mechanica l  des ign .  
The proposed t e c h n i c a l  s p e c i f i c a t i o n s  p l u s  t h e  r e v i s i o n s  proposed 
by  NASA i n  c e r t a i n  d e s l g n  concepts  t o  make t h e  u n i t  more s u i t a b l e  
f o r  i n c o r p o r a t i o n  i n t o  f u t u r e  s p a c e c r a f t  systems should  r e s u l t  i n  an  
atomic t i m e  and f requency  system which i s  w e l l  s u i t e d  f o r  f u t u r e  space  
mis s ions .  P a r t  I1 of t h e  c o n t r a c t  i s  t o  b e  c a r r i e d  ou t  by General  
Radio ,  under  s u p e r v i s i o n  of Var ian  p e r s o n n e l ,  and w e  a r e  c o n f i d e n t  
i n  t h e i r  competence t o  meet t h e  s p e c i f i c a t i o n s  and b u i l d  u n i t s  f o r  
use onboard s p a c e c r a f t  which w i l l  b e  s a t i s f a c t o r y  t o  NASA i n  e v e r y  
way. 
